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Abstract
Study of Reaction Dynamics of Protonated/Deprotonated and Radical Cations of Guanine in
Nucleobases and Nucleosides: Singlet O2 Oxidation, C8-Water Addition, Cross-Linking with
Lysine and Base-Pair Dissociation
by
Yan Sun

Advisor: Dr. Jianbo Liu
Among the four DNA nucleobases, guanine (G) has the lowest oxidation potential and
represents a preferential target for oxidation and ionization. This leads to the formation of guanine
radical cation (G+) in various oxidative environments. Of the biologically relevant oxidants,
electronically excited singlet oxygen (1O2) exclusively damages the guanine bases and gives rise
to mutagenesis, DNA-protein cross-linking and cellular death.

Combining our home-made

electrospray ionization (ESI) guided-ion-beam tandem mass spectrometer, with reaction potential
surface calculations and kinetics modeling, five projects have been accomplished as described
below.
In project 1, the reactions of deuterated water (D2O) with radical cations of guanine (9HG+),
9-methylguanine (9MG+), 2-deoxyguanosine (dGuo+) and guanosine (Guo+) were studied in
the gas phase, including measurements of reaction cross sections and computation of reaction
potential energy surfaces. For each reactant ion, the energetically favorable product channel
corresponds to the formation of water complexes, but it accounts for only 5% of the total reaction
cross section. The dominant product channel is H/D exchange between the reactants. C8hydroxylation of the guanine moiety, the most biologically important channel, was observed for
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9HG+. The C8-hydroxylation mechanism was elucidated in the presence of single and double
water molecules, of which the second water eliminates the reaction barrier for C8-water addition
via a proton shuttle mechanism. All reactions show N9-substituent dependence, with overall
reactivity being 9HG+ >> 9MG+ > dGuo+  Guo+.
In project 2, we report a kinetics and mechanistic study on the 1O2 oxidation of 9methylguanine (9MG) and the cross-linking of the oxidized intermediate 2-amino-7,9-dihydropurine-6,8-dione (9MOGOX) with N-acetyl-L-lysine-methyl ester (abbreviated as LysNH2) in
aqueous solutions of different pH. This experiment revealed strong pH dependence of 9MG
oxidation and of the addition of nucleophiles (water and LysNH2) at the C5 position of 9MOGox.
The oxidation rate constant of 9MG was determined to be 3.6  107 M-1s-1 at pH 10 and 0.3  107
M-1s-1 at pH 7, both of which were measured in the presence of 15 mM LysNH2. The B97XD
density functional theory coupled with various basis sets and the SMD implicit solvation model
was used to explore the reaction potential energy surfaces for the oxidation of 9MG and the
formation of C5-water and C5-LysNH2 adducts of 9MOGox. The present work has confirmed that,
regardless of cross-linking with LysNH2, the initial 1O2 addition represents the rate-limiting step
for the oxidative transformations of 9MG. All of the downstream steps are exothermic and proceed
rapidly. The C5-cross linking of 9MOGox with LysNH2 significantly suppresses the formation of
spiroiminodihydantoin (9MSp) resulting from the C5-water addition.

The latter becomes

dominant only at the low concentration of the competing LysNH2.
In project 3, collision-induced dissociation (CID) of 9-methylguanine1-methylcytosine base
pair radical cation ([9MG1MC]+) and its monohydrate ([9MG1MC_W]+, W = H2O) with xenon
and argon was carried out using guided-ion beam tandem mass spectrometry. [9MG1MC]+ has
two structures, a conventional structure 9MG+1MC that consists of H-bonded 9-methylguanine
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radical cation (9MG+) and neutral 1-methylcytosine (1MC), and a proton-transferred structure
[9MG – H][1MC + H]+ that is formed by intra-base pair proton transfer from the N1 of 9MG+
to the N3 of 1MC. 9MG+1MC is slightly more stable than [9MG – H][1MC + H]+ and the two
structures can be distinguished by CID in that 9MG+1MC dissociates into 9MG+ and 1MC
whereas [9MG – H][1MC + H]+ dissociates into neutral [9MG – H] radical and protonated [1MC
+ H]+. An interesting finding is that the CID mass spectra of [9MG1MC]+ were overwhelmingly
dominated by [1MC + H]+, which is contrary to what would be expected on the basis of statistical
kinetics. The non-statistical phenomenon implies extensive intra-base pair proton transfer of
[9MG1MC]+. Monohydration of [9MG1MC]+ reversed the order of stability of conventional
and proton-transferred structures and changed their CID pathways. Major CID pathways of
[9MG1MC_W]+ include elimination of a water ligand and more interestingly, elimination of a
methanol molecule. In addition, 9MG+, protonated [9MG + H]+ and [1MC + H]+ were detected
in the CID of [9MG1MC_W]+.
In project 4, we have extended the investigation to protonated [9MG·1MC + H]+ base pair ions
and its monohydrate, aimed at determining whether non-statistical dissociation is a general feature
of guaninecytosine base pairs by comparing with CID of radical and deprotonated forms of base
pairs. We report a guided-ion beam tandem mass spectrometric study on CID of protonated
9-Methylguanine1-Methylcytosine base pair (abbreviated as [9MG1MC + H]+) and its
monohydrate [9MG1MC + H_W]+ (W = H2O) with Xe and Ar gases. Product ion mass spectra
and cross section were measured as a function of center-of-mass collision energy, from which
various dissociation pathways and dissociation threshold energies were determined. Electronic
structure calculations at the DFT, RI-MP2, DLPNO-CCSD(T) levels of theory and RiceRamsperger-Kassel-Marcus modeling were used to map out reaction potential energy surfaces
vi

(PESs) and identify product structures. It was found that intra-base pair proton transfer within
[9MG1MC + H]+ results in two base pair conformers, [9MG + H]+1MC and 9MG[1MC + H]+,
during base pair collisional activation. Both structures contain a Waston-Crick H-bonding motif
but differ in the location of the central H. [9MG + H]+1MC has the H bound to the N1 of 9MG
while 9MG[1MC + H]+ has the H shifted to the N4 of 1MC. [9MG + H]+1MC lies in energy
0.17 eV lower than 9MG[1MC + H]+, and its dissociation threshold is 0.85 eV lower than
9MG[1MC + H]+. Surprisingly, the abundance of [1MC + H]+ in CID products is significantly
higher than that of [9MG + H]+, contrast with what is expected from a statistical dissociation
product distribution. Hydration of [9MG1MC + H]+ by an explicit water enriches base pair
dissociation chemistry; particularly, it induces the reaction of water ligand with the methyl groups
of collisionally activated nucleobases and results in formation of a methanol molecule.
In project 5, the reaction of 1O2 with radical cations of Guanine (9HG+), 9-Methylguanine
(9MG+), 2’-Deoxyguanosine (dGuo+) and Guanosine (Guo+) were studied by a home-made
electrospray ionization (ESI) guided-ion beam scattering tandem mass spectrometer in the gas
phase. Reaction products and cross sections were measured over a center-of-mass collision energy
(Ecol) range from 0.05 to 1.0 eV. No product was observed for the reactions of dry 9HG+ and
9MG+ with 1O2 due to the rapid decay of transient oxidation intermediates to starting reactants.
But the reaction peroxide products of their monohydrates 9HG+_W and 9MG+_W with 1O2 were
successfully captured due to the relaxation of reaction products via elimination of water ligand.
Similar oxidation products were detected for dGuo+ and Guo+. In this case, no hydration was
needed for the nucleoside reactants as the intramolecular vibrational redistribution can help
stabilize the intermediates and products. 9MG was chosen as a model compound to map out
reaction potential energy surfaces (PESs) because it has similar properties to dGuo and Guo.
vii

Calculations were carried out at various levels of theory including B97XD/6-31+G(d,p),
RI-MP2/aug-cc-pVQZ, DLPNO-CCSD(T)/aug-cc-pVTZ, CASSCF(21,15)/6-31+G(d,p), RINEVPT2/6-31+G(d,p) and CASPT2(21,15)/6-31G(d,p) of which CASSCF, CASPT2 and
NEVPT2 were used specifically to correct for the muti-reference characters of the 1O2 reaction
with guanine radicals. Two possible reaction pathways were found for the 1O2 addition to 9MG+:
C8-addition to the formation of a C8-peroxide and C5-addition to the formation of a C5-peroxide.
C8-addition pathway is energetically more favorable than C5-addition.
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Chapter 1
Introduction and Background

1.1

Guanine radical cations
It is now widely known that the oxidation damage of DNA, usually by a way of nucleobase

structure changes and the DNA strand breaks leads to mutagenesis, cancer or other diseases1.
Among the four nucleobases of DNA, guanine (G) has the lowest ionization energy2, which makes
guanine the electron-loss center and forms guanine radical cation (G•+). Therefore there are always
guanine radicals existing in biological systems. Most of the G•+ will go back to keep the integrity
of DNA with the aid of base excision repair and strand-break repair enzymes. But there are still a
few radicals, especially heavily oxidized ones, that can’t be fully recovered and will cause genetic
alterations, and accumulate in cells3. The radical generated in the body will also cause DNAprotein cross-links (DPCs) which are common structural modifications that may affect the
functions of both. A wide range of amino acids including lysine, histamine and arginine have been
found to form cross-links with purine and pyrimidine bases in the presence of different oxidizing
agents. The radical form of guanine has very interesting chemical properties, but it is very difficult
to generate and examine guanine radical during experiment. To the best of our knowledge, the
reaction between radical form of guanine nucleobases and singlet oxygen has never been studied
before which makes this thesis research important and meaningful.
Among all DNA nucleobases, guanine (G) has the lowest oxidation potential (E vs. NHE =
1.29 V for guanosine, 1.10  1.24 V for the guanine moiety of DNA, 1.42 V for adenosine, 1.6 V
for deoxycytidine, and 1.7 V for thymidine)2,4 and in parallel the lowest adiabatic ionization energy

1

(AIE = 7.75 eV for G, 8.27 eV for adenine, 8.66 eV for cytosine, and 8.82 eV for thymine),5,6 and
thus represents a preferential target for oxidation and ionization over adenine and pyrimidine
bases. This leads to the formation of guanine radical cation G+ in DNA upon radiolysis,7,8
mono-9 and bi-photonic10 UV laser photolysis, chemical oxidation,11 electron transfer between
metal complexes bound to DNA,12 electrocatalytic oxidation,13,14 and type I photooxidation.15,16
Pairing guanine with cytosine in double- stranded (ds) DNA further decreases its oxidation
potential,17,18 forcing radical cations (holes) initially formed on other nucleobases to migrate
through duplex and eventually leading to the more stable G+.8,19
Figure 1.1 outlines the intermediacy of G+ in DNA post-ionization conversion.20-25 A unique
feature of G+ is that it becomes more acidic, i.e. pKa = 9.4 for guanosine and 3.9 for its radical
cation.7 As a consequence, G+ loses its N1-proton26 to water at neutral pH within 56 ns (rate
constant k =1.8  107 s-1).27,28 The resulting [G  H] does not directly react with water29 and lives
for 0.07 – 0.28 s in single-stranded (ss) DNA/oligonucleotide30,31 and 0.18  5 s in ds
DNA/oligonucleotides,31,32 before its conversion to 2Ih,24 Iz and Z20 as depicted in Figure 1.1. At
low pH, the lifetime of G+ is, in contrast, governed by C8-water addition to the formation of C8hydroxylated guanine radical [8-OH-G + H]+  an intermediate that was proposed on the basis
of the EPR/electron nuclear double resonance (ENDOR) measurement upon OH addition to a
single crystal of N7-protonated guanine.33 C8-hydroxylation completes within 3 ms (k = 3.3  102
s-1 at pH 2.5),30 followed by secondary oxidation to 8-oxo-7,8- dihydroguanine (OG, k = 4  109
s-1).21,22 OG is a widely used biomarker for oxidative stress within cells and tissues,34,35 and
participates in a variety of biological sequelae including photocleavage,36 GC  AT mutation,37
Alzheimers38 and Parkinsons diseases,39 and DNAprotein cross-linking.40
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The aforedescribed G+ kinetics indicates that free G+ or that within ss DNA undergoes
deprotonation overwhelmingly at neutral pH30 (5 orders of magnitude faster than hydration), and
produces little OG.41 This however does not represent the scenario within ds DNA, where the
hydration of G+ becomes more efficient15 (k = 6  104 s-1 at neutral pH42) as G+ is stabilized
through base stacking and base pairing which limits its ability to lose a proton, i.e., the N1-proton
(pKa 3.9)7 of G+ is shared with the N3 (pKa 4.3)43 of cytosine, with an equilibrium constant Keq
estimated to be 2.5 for G+C ⇌ [G – H][C + H]+. Consequently, the formation of OG in ds DNA
3

is a factor of 7 greater than in ss DNA.31 These seeming contradictions imply that free G+ in
solution might not faithfully mimic the local environment experienced by nucleobases within
DNA.8 In this regard, gas-phase environment may be more appropriate for examining G+
structure and reactivity, as deprotonation of G+ shuts down in the gas phase and no longer
competes with hydration.
The successful generation of stable G+ in the gas phase has made it possible to examine G+
intrinsic reactivity unperturbed by solvent and counter ions. In this thesis, reactions of water/1O2
with radical cations of unsubstituted guanine (9HG+, in a N9-H tautomeric form), 9methylguanine (9MG+), 2-deoxyguanosine (dGuo+), guanosine (Guo+) and monohydrate of
9HG and 9MG have been examined in the gas phase. We used tandem mass spectrometry coupled
with ion-beam scattering to measure reaction cross sections, product branching ratios and their
collision energy (Ecol) dependence. The sensitivity of gas-phase experiment, corroborated with
reaction potential energy surface (PES) calculations and dynamics simulations, has led to a better
understanding of guanine radical ion chemistry.
1.2

Singlet oxygen (1O2)
Singlet oxygen is an electronically excited reactive oxygen species (ROS) that can cause

mutagenic alteration exclusively to the guanine nucleobases, which is assumed to be a factor
related with cancer, carcinogenesis, cell proliferation, cell death and aging.44-47 The related
oxidation process has been studied for almost three decades. The oxidation product of the guanine
moiety in isolated and cellular DNA is mainly 8-oxo-7,8-dihydroguanine (8-oxoG),48 which will
give rise to G•C→T•A transversion which is a somatic mutation in cancers.49 Oxidation of guanine
in isolated nucleosides and short oligonucleotides will give rise to spiroiminodihydantoin (Sp) and
guanidinohydantoin (Gh)50 which are even more mutagenic causing G to C and G to T
4

transversions.51 Besides, the formation of 8-oxoG is also related to Alzheimer’s,52 Parkinson’s53
diseases and DNA-protein cross-links.54 In addition, formation of DPCs has been observed in
cellular DNA in the presence of singlet oxygen.55
1

O2 can be generated in living organisms through many processes (e.g. photosensitization,

chemical excitation and enzymatic reactions).56,57 It has been reported that 1O2 is able to oxidize
the guanine bases in DNA exclusively.58 It is likely that both 1O2 and G+ are produced within
living organism at the same time. This scenario makes it biologically important to study the
reaction mechanism and dynamics between these two species. Investigating the 1O2 chemistry
with guanine radical cations is not only important to gain a better understanding of the DNA
oxidation damage, but also practical to predict additional and synergistic effects of combining 1O2based photodynamic therapy and ionizing radiation-based radiotherapy to cure cancers.59-62
1.3

1

The

O2 oxidation of G and its cross-linking with LysNH2
1

O2 oxidation mechanism of guanosine (G) nucleoside is illustrated in Figure

1.2.22,23,25,50,58,63-70 G is attacked by 1O2 on the imidazole ring, forming an endoperoxide via a [4 +
2] cycloaddition. The latter quickly converts to a hydroperoxide 8-OOHG. The fate of 8-OOHG
depends on reaction conditions and structural context. The 8-OOHG within DNA is mainly
reduced to 8-oxo-7,8-dihydrodeoxyguanosine (OG) via Path 1. OG may react with a second 1O2
and form 5-hydroperoxy-8-oxo-7,8-dihydrodeoxyguanosine (5-OOH-OG), followed by reduction
to 2-amino-5-hydroxy-7,9-dihydropurine-6,8-dione (5-OH-OG) or decarboxylation to the
oxidized form of 5-guanidinohydantoin (Ghox).23 Mono-nucleoside 8-OOHG or that contained in
short oligonucleotides, on the other hand, undergoes dehydration to form a quinonoid intermediate
2-amino-7,9-dihydro-purine-6,8-dione (OGox) via Path 2. One of the downstream reactions of
OGox is rehydration to form 5-OH-OG (Path 2a). Subsequent conversions of 5-OH-OG are pH-
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dependent.

Under basic conditions, 5-OH-OG goes through an acyl shift to produce

spiroiminodihydantoin (Sp);71 whereas under acidic conditions, the formation of a gem-diol
intermediate via the C6-hydration of 5-OH-OG becomes predominant. Ring-opening at the N1C6 bond of the gem-diol, accompanied with an intramolecular proton transfer, leads to a 4carboxyGh. Decarboxylation of the latter results in the formation of 5-guanidinohydantoin
(Gh).50,72
Another OGox-mediated reaction is the covalent cross-linking of proteins to DNA, the so-called
DNA-protein cross-links (DPCs, see the blue-labelled Path 2b in Figure 1.2).40,73,74 DPCs may
block transcription and replication and must be repaired for cell survival.40 Lysine is a potential
participant in oxidatively generated DPCs because it has a large abundance in histones  one of
the main protein components of eukaryotic chromatin. Particularly, the regions of the histones
H2A, H2B, H3 and H4 that are most strongly involved in the binding of DNA to the core
nucleosome in chromatin are rich in lysine (and arginine). The close proximity of lysine to the
guanine bases in DNA makes this amino acid of considerable interest in the formation of DPCs.75
The presence of lysine in the reaction mixture of dGuo and 1O2 produces C5-lysine-substituted
spiroiminodihydantion by the nucleophilic addition of the -NH2 of lysine at the C5 position of
OdGuoox exclusively.40,74 Note that, while DPCs are common structural modifications, they are
the least understood DNA lesion due to their various intermediate structures and formation
mechanisms. Besides the OGox-mediated DPCs that follows the 1O2 oxidation of guanine,40,73,74
DPCs may be mediated by guanine radical cations and its deprotonated species during the
oxidation of guanine by one-electron oxidants.55,73,75-78
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We recently reported the 1O2 oxidation kinetics of free guanine and 9-methyl-guanine (9MG)
at different pH values. In that work, the oxidation rate constants and product branching ratios of
guanine and 9MG were measured using online electrospray ionization mass spectrometry (ESI
MS) coupled with absorption and emission spectrophotometry, and product structures were
determined by collision-induced dissociation (CID) tandem mass spectrometry.

Further

mechanistic insights were gained from reaction potential energy surface (PES) calculations. It is
within the same context that in the present study we have continued to elucidate the 1O2 oxidation
kinetics of 9MG in the presence of lysine as a competing nucleophile for C5-addition. The

7

formation of lysine-based DPCs has been explored in different contexts, for example, Burrows,
Schlegel and co-workers reported the H2O-, NH3- and lysine-adducts of the oxidized dGuo in
nucleoside, single-stranded and duplex oligodeoxynucleotide, respectively.40,55,79 The emphasis
of the present work was placed on quantitative measurements of cross-linking kinetics and
branching ratios between the formation of Sp and C5-lysine-substituted-Sp. In the current work
9MG was used as a prototype compound80-84 of guanine nucleoside as its N9-methyl group mimics
the attachment of a sugar group to the guanine nucleoside. Particularly, 9MG has the same
protonation (N7) and deprotonation (N1) sites as guanosine. The pKa values are 3.11 (pKa1) and
9.56 (pKa2) for 9MG,85 which are close to 2.20 and 9.50 for guanosine86 and 2.30  2.85 and 9.99
 10.18 for guanine bases in oligonucleotides.87 For comparison, the ribose 2,3-diol only loses a
proton at the pH above 1286,88 and cannot compete with deprotonation on guanine. Nα-acetyllysine methyl ester (abbreviated as LysNH2) was used as a model protein system to prevent the
reactions of the α-amino and carboxylate terminus with 9MG40 and to mimic the addition of the
lysine -NH2 of a tripeptide onto a guanine base.
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Chapter 2
Instrumentation, Methodologies, and Computational Details

2.1

Guided-ion-beam tandem mass spectrometry for gas-phase ion-molecule reaction
Gas-phase reactions of guanine radical cations with water and 1O2 were carried out on a home-

made guided-ion-beam tandem mass spectrometer (Figure 2.1 ).1 Mass spectrometry has been a
powerful tool in almost all the fields of modern chemistry, biology and even pharmacy. The main
feature of MS is to separate different ions with different mass to charge (m/z) ratios, analyze it and
then give information about the structure of molecules. Figure 2.1 shows the schematic of our
home-built guided-ion-beam tandem mass spectrometer.2 It consists of an ESI source, radio
frequency (rf) hexapole ion guide,3 quadrupole mass filter, rf octopole ion guide surrounded by a
scattering cell, second quadrupole mass filter, and electron multiplier for pulse-counting.
First is to generate parabola-shaped and stable electrospray which can be seen in Figure 2.1.
The spray is into the ambient atmosphere at 0.06 mL/hr by a syringe pump and fed into a heated
capillary through a nozzle. Ions undergo desolvation, either become dry or remain hydrated with
a number of water ligands. There is a skimmer located near the capillary end, producing axially
aligned ion beam. Then the ions are passed into the hexapole, which is evacuated to 30 m.
Interaction of ions with the background gas in the hexapole leads to collisional focusing and
thermalization of ions to 300 K. Ions subsequently pass into a mass-selecting quadrupole for
selection of specific reactant ions. For the experiments, two quadrupoles will operate at 2.1 MHz
(Extrel 150 QC) with the m/z range of 1 - 500. A set of DC focusing lens at the quadrupole exit
focus the mass-selected ions and pass them into the next chamber mounted with an octopole ion
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guide. In the central part of the octopole, a 10-cm scattering cell is installed, filled with another
neutral reactant gas at pressures low enough to ensure single ion-molecule collision conditions.
Neutral reactant gases (1O2 or water molecules) are leaked into the scattering cell and the pressure
(around 0.01 to 1 mTorr) is monitored using a MKS Baratron capacitance manometer. Reactant
ions are guided into the scattering cell, and scattered off the neutral molecules during ion molecule
collisions. Any product ions resulting from the ion-molecule reactions and remaining reactant ions
are collected by the ion guide, and transported into the last chamber. In the last chamber, a second
quadrupole mass filter (with the same specifications as the first quadruple) is located after several
focusing lens. Ions are analyzed by the second quadrupole based on m/z, counted by a pulsecounting electromultiplier detector. The signals are routed into the Data Acquisition Device
(DAQ) appended in a personal computer, undergoing amplification, discrimination and A/D
conversions.2 The initial kinetic energy distributions of the reactant ions were determined by a
retarding potential analysis (RPA)4 that measures the intensity of the ion beam while scanning the
DC bias voltage applied to the octopole. The DC bias voltage also allowed control of the kinetic
energy of reactant ions in the laboratory frame (ELab). ELab can be converted into the collision
energy (Ecol) between reactant ions and neutral reactant gas molecules in the center-of-mass frame
using Ecol = ELab × mneutral/(mion + mneutral), where mneutral and mion are the masses of neutral and ionic
reactants, respectively. Reaction cross sections were calculated from the ratios of reactant and
product ion intensities at each Ecol (under single ion-molecule collision conditions), the pressure
of neutral reactant gas in the scattering cell (= the gas pressure in the cell  the abundance), and
the effective cell length.
Our guided-ion-beam apparatus is capable of probing reaction products and reaction cross
sections, and the later can be converted to reaction rate constants. The reaction Ecol can be

13

precisely controlled so that different aspects of the reaction mechanism can be measured from
complex-mediated reaction at low energies to direct collisions at high energies, and reaction
energetics and reaction activation barriers can be determined.
ESI source

Hexapole
ion guide

Source quadrupole
mass filter

Octopole ion guide
& Scattering cell

Product quadrupole
mass filter & Detector

HV

Figure 2.1 Guided-ion-beam tandem mass spectrometer

2.2

Generation of radical cations
G+ was often generated by photolysis5-7 or radiolysis5,8,9 of S2O82, Br or Cl solution where

the resulting SO4 , Br2  or Cl2  in turn oxidized G to G+, followed by measurements of radicals
in solution or frozen/dry samples using transient absorption,6,7,10,11 IR,12,13 resonance Raman, 8 and
EPR.9,14,15 The mechanistic aspects for formation and subsequent deprotonation of G+ in the
presence of SO4 have been examined in G-quadruplexes by recent experimental16 and
theoretical17 work. Gas-phase G+ could be formed by electron-impact ionization (EI) of guanine18
or fast atom bombardment (FAB) of a mixture of guanosine and dimethyloxynaphthalene in mnitrobenzyl alcohol.19 But EI and FAB generated substantial electronic and vibrational excitation
and fragmentation of resulting radical ions. A pioneering work by Siu and co-workers20 has shown
that radical cations of tyrosyl-containing oligopeptides could be formed in the gas phase by
collision-induced dissociation (CID) of [CuII(diethylenetriamine)(oligopeptide)]2+ that was
formed in solution and electrosprayed into the gas phase. Later, OHair and McFadyen et al.
produced radical cations of nucleobases in a similar procedure using CuII ternary complexes of
terpyridine and nucleobases/nucleosides.21,22 Recently, Cheng and Bohme23 and OHair and
14

Orbell et al.24 reported a more convenient way of producing nucleobase radical cations by CID of
CuII-nucleoside binary complexes.
In this experiment, a sample solution was prepared in methanol/water (3:1 vol.) containing
0.25 mM Cu(NO3)2 (AlfaAesar, >99.999%) and 0.5 mM guanosine (Acros, 99%). The solution
was sprayed into the ambient atmosphere through an electrospray needle at a flow rate of 0.06
mL/h, with the ESI potential of 2.35 kV relative to ground. Positively charged droplets entered
the source chamber of the mass spectrometer through a pressure-reducing desolvation capillary.
The distance between the emission tip of the ESI needle and the sampling orifice of the capillary
was 7 mm. The capillary was biased at 115 V and heated to a temperature tuned between 180 and
200 ºC to maximize desired ion intensities. Liquid aerosols underwent desolvation as they passed
through the capillary, converting to a mixture of gas-phase doubly charged [CuII(Guo)0-6(MeOH)02+ 23,24
.
3]

Ions were focused toward the capillary axis by gas flow and then transported into the

source chamber that was evacuated to a pressure of 1.7 Torr. A skimmer with an orifice of 1.5
mm is located 3 mm away from the capillary end, separating the source chamber and the hexapole
ion guide. The skimmer was biased at 17  25 V relative to ground. The electrical field between
the capillary and the skimmer prompted CID of [CuII(Guo)0-6(MeOH)0-3]2+ with background gas
within the chamber, of which the fragmentation of [Cu II(Guo)3]2+ and [Cu II(Guo)(MeOH)2]2+
is featured by production of Guo+ via redox charge separation followed by dissociation due to
Coulombic repulsion within the complex.
9HG+, 9MG+ and dGuo+ were generated the same way via in-source CID of [CuII(9HG)3]2+,
[CuII(9MG)3]2+ and [CuII(dGuo)3]2+, for which the ESI solution was prepared using a mixing of 0.25 mM
Cu(NO3)2 and 0.5 mM 9HG (BioUltra grade, Sigma-Aldrich), 0.5 mM 9MG (Aldrich,  98.0%) or dGuo
(Sigma, > 99%). The successful generation of stable G+ in the gas phase has made it possible to
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examine G+ intrinsic reactivity unperturbed by solvent and counter ions.
Generation of 1O2 and Measurement

2.3
1

O2 was generated by the reaction of H2O2 + Cl2 + 2KOH  1O2/3O2 + 2KCl + 2H2O.25,26 In

brief, 10.5 mL of 8 M KOH (85%, Alfa Aesar) was slowly added to 20 mL of H2O2 (35 wt%, Alfa
Aesar) in a sparger (1, see Figure 2.2) held at -17 ºC. The resulting mixture was degassed quickly.
4.4 sccm of Cl2 (~ 99.5%, Sigma Aldrich) was diluted in 96 sccm of He and bubbled through the
H2O2/KOH slush. All of the Cl2 reacted with H2O2 to produce a mixture of 1O2, 3O2, and water.
Gas products passed through a -70 ºC cold trap (2) to remove water vapor. Only 1O2, 3O2, and He
remained in the gas products. The concentration of 1O2 in the gas phase was determined by
–

measuring 1O2 emission (a1g  X3Σg )27 at 1270 nm in an optical emission cell (3). The emission
was collimated by a plano-convex lens, and passed through an optical chopper (4, Stanford
Research System SR540) and a 1270 nm interference filter. The chopped emission was focused
by another plano-convex lens into a thermoelectrically cooled InGaAs detector (5, Newport 71887
detector with 77055 TE-cooler controller). The detector signal was processed by a lock-in
amplifier (Stanford Research System SR830). Amplifier output is converted to absolute 1O2
concentration based on a previous calibration.28 To reduce the residence time, and therefore, the
wall and self-quenching of 1O2, the entire 1O2 generator is continuously pumped down to a pressure
of 12.8 Torr (for gas phase reaction not shown here) using a mechanical pump regulated by a
pressure relay. 1O2/3O2 gas mixture are leaked into the scattering cell and the pressure (around
0.01 to 1 mTorr) is monitored using a MKS Baratron capacitance manometer. The reaction will
occur between 1O2 with reactant ions guided into the scattering cell.
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The 1O2 generator also produced 3O2. The non-reactivity of G•+ toward 3O2 will be verified in
control experiments that are performed under the same conditions except that Cl2 used in the 1O2
generator will be replaced by oxygen gas at the same flow rate.
The gas mixture (for solution phase reaction shown in Figure 2.2) was then bubbled into a
reaction vessel (6) containing the solution of 9MG and LysNH2. The entire reaction apparatus was
continuously evacuated by a mechanical pump (7), and the pressure within 6 was maintained at 25
Torr using a pressure relay (8, Cole-Parmer 00244OW). The pumping continuously transported
fresh 1O2 to the reaction solution and purged quenched O2, so that quasi-steady-state [1O2] was
achieved in the solution.29 To compensate for the evaporation loss of water at the reduced pressure,
makeup solvent was replenished into 6 through a rotary piston pump (9) to maintain a constant
volume for the reaction solution.
2.4

Real-time monitoring of solution-phase reactions
The on-line reaction monitoring system consisted of a UV-Vis spectrometer (10, Ocean Optics

USB 4000 diode-array spectrometer and USB-ISS-UV/VIS light source) and a fluorometer (11,
Ocean Optics Flame-S spectrometer with LED excitation source).

Reaction solution was

circulating through the spectrometers using a peristaltic pump (12). In the present work, only UV
absorption and MS were used in parallel to monitor reaction progress since there was no
fluorescence detected from 9MG under neutral and basic conditions. Absorption spectra were
recorded at an interval of 10 s using OceanView 1.5.2 software. Each spectrum was averaged over
25 scans, and the integration time was 40 ms each scan.
The sampling loop for MS measurement was realized by a two-position switching valve (13).
For each MS measurement, the valve loaded 150 µL of reaction solution and was then switched to
the MS injection mode. A theta-glass capillary (14, 40 µm o.d. × 20 µm i.d. at the tip) was used
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as an ESI emitter.30-32 One channel of the theta capillary was connected to the sampling loop
through which the reaction solution was transported to the spray using a syringe pump (15a, 0.01
mL/h). The other channel was used to deliver methanol solvent using a second syringe pump (15b,
0.04 mL/h). The reaction solution was mixed with methanol at the tip of the ESI emitter. Addition
of methanol to electrospray not only minimized the sample amount needed for MS analysis, but
avoided corona discharge33 that would otherwise inhibit ESI of aqueous solution in the negative
ion mode. The ESI emitter was held at ± 2.4 kV relative to ground for producing positively and
negatively charged species, respectively.
MS measurement was carried out on a home-made guided-ion-beam tandem mass
spectrometer (16),1 and MS spectra were recorded at an interval of 60 s for a duration of 2 hours.
In regular MS measurement, ions were guided to the first quadrupole mass analyzer for mass
analysis, and the second quadrupole mass analyzer was rendered to an rf-only mode, passing all
of the ions to the electron multiplier detector.
To identify the structures of product ions, CID tandem MS was carried out. CID was measured
at Ecol of 1.5 eV to generate daughter fragments used in identification of the structures. All
fragment ions and the unreacted primary ions drifted to the end of the octopole, and were mass
analyzed by the second quadrupole and counted by the electron multiplier.

The MS/MS

fragmentation MS spectra were compared to literature if available to confirm their structural
assignments.
Experiments were conducted in triplicate. Product distributions and kinetics results from these
measurements were within 10% of one another. The data presented are the averages of several
complete data sets. To determine if reactions were 1O2-specific, control experiments were
conducted using pure 3O2 under the same conditions.
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Figure 2.2 Schematic of experimental setup: (1) sparger; (2) cold trap; (3) emission cell; (4) optical chopper; (5) InGaAs
photodetector; (6) reaction vessel; (7) mechanical pump; (8) pressure relay; (9) piston pump; (10) UV-Vis spectrometer; (11)
fluorometer; (12) peristaltic pump; (13) two-position switching valve; (14) -ESI emitter; (15a  b) syringe pumps; and (16)
tandem MS.

2.5

Electronic structure calculations
Density functional theory (DFT) has been extensively used for calculating the structures, base-

pairing and reactions of radical cations of nucleobases and nucleosides both in the gas phase24,3441

and in various solvent media.35,36,39,40,42 It was found that, compared to B3LYP that suffers from

spin-contamination for doublet systems34 and self-interaction errors (SIR), the B97XD
functional43 (a hybrid GGA with dispersion correction) mitigates SIR and provides improved
orbital descriptions of ionized states.41

In the present work, geometries of all reactants,
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intermediates, transition states (TSs) and products were optimized using B97XD paired with the
6-31+G(d,p) basis set. Tautomer/rotamer search was conducted for all reactant ions, and the most
stable conformations were used as starting structures in reaction PESs and dynamics simulations.
All TSs were verified as first-order saddle points, and the vibrational mode associated with an
imaginary frequency corresponds to the anticipated reaction pathway. Aside from the local
criterion, intrinsic reaction coordinate (IRC) calculations were carried out to identify
reactant/product minima connected through the identified TSs.
To ascertain that B97XD has predicted correct conformations in the project discussed in
Chapter 3, the stability order of conformers was validated using MP2/6-31+G(d,p) using B97XD
optimized structures.

To benchmark the accuracy of B97XD/6-31+G(d,p) energetics, we

calculated AIEs and gas-phase acidities (GA) for 9HG and 9MG. The B97XD/6-31+G(d,p)calculated AIEs are 7.69 eV for 9HG and 7.53 eV for 9MG. For comparison, other theoretical
predications are 7.65 – 7.68 eV (9HG) and 7.49 eV (9MG) at B3LYP/6-31++G(d,p),35-37 7.71 eV
(9HG) and 7.53 eV (9MG) at B97XD/6-31++G(d), 7.79 eV (9HG) and 7.64 eV (9MG) at M062X/6-31++G(d),41

7.82

eV

(9HG)

at

MP2/6-311++G(d,p),44

,7.65

eV

(9HG)

at

CASPT2(IPEA=0.25)//CASSCF/ANO-L 431/21,45 7.89 eV (9HG) at G3MP2B3-ROMP2.46 The
experimental AIE is 7.75 eV (9HG) as determined by VUV photoionization.37 The B97XD/631+G(d,p)-calculated GA is 967.8 kJ/mol for 9MG. The value was refined to 950.8 kJ/mol by
single-point calculation at DLPNO-CCSD(T)/aug-cc-pVTZ (the domain based local pair-natural
orbital coupled-cluster method with single-, double- and perturbative triple excitations47) using the
B97XD optimized geometry. The latter value is in an excellent agreement with the experimental
value of 952  10 kJ/mol measured using Cooks kinetic method.48 Inspired by the improved
accuracy of DLPNO-CCSD(T)/aug-cc-pVTZ//B97XD/6-31+G(d,p), all electronic energies were
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refined using this combination. Reaction enthalpies (rH at 298 K, with respect to reactants) were
determined on the basis of electronic energies calculated at DLPNO-CCSD(T)/aug-cc-pVTZ and
thermal corrections at B97XD/6-31+G(d,p). The B97XD-calculated vibrational frequencies
and zero-point energies (ZPEs) were scaled by a factor of 0.95 and 0.974,49 respectively. DFT
calculations including charge and spin density analysis were carried out using Gaussian 09,50 and
DLPNO-CCSD(T) calculations and T1 diagnostic were accomplished using ORCA 4.0.51
2.6

RRKM modeling and calculation of rate constant using transition state theory
Rice-Ramsperger-Kassel-Marcus (RRKM)52 rate constants were calculated based on gas-

phase PESs with the program of Zhu and Hase,53 using direct state count algorithm and scaled
frequencies and energies form DFT calculations. Product branching and lifetime of each species
was determined by the ratio of RRKM rates for different channels. The rotational quantum
number, K, was treated as active in evaluating the rate constant, k(E, J), and all (2J + 1)K-levels
were counted as shown by equation (2.1):
k E, J =

d ∑JK= –J G[E – E0 – Er†(J, K)]
h ∑JK= –J N[E – Er (J, K)]

(2.1)

in which d is the reaction path degeneracy; G is the sum of states from 0 to G is the sum of states
from 0 to E – E0 – Er† at TSs, N is the reactant density of states, E is the system energy, E0 is the
dissociation threshold, and Er and Er† are the rotational energies of product and adjacent TSs,
respectively. The orbital angular momentum L was estimated from collision cross section collision,
i.e., L = μvrel(collision/π)1/2 where μ and vrel are the reduced mass and the relative velocity of
collision partners, respectively.
2.7

Direct dynamics trajectory simulations
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Collision dynamics of 9HG+ and 9MG+ with water were simulated at Ecol = 0.1 eV, using the
Venus software54,55 to set up trajectory initial conditions, and the Hessian-based predictorcorrector algorithm56 implemented in Gaussian 09 to integrate the classical equations of motion,
with Hessian matrix updated every five steps. The initial separation between the centers of mass
of randomly oriented collision partners was set at 8.0 Å (where the attractive potential between
reactants is negligible), with a collision impact parameter of 0 Å. The vibrational and rotational
temperatures of all reactants were set at 300 K to mimic the ion-molecule experiment. Quasiclassical Boltzmann sampling57 was used to select vibrational and rotational energies.

A

quadratically convergent SCF method was used (i.e. SCF = XQC) in case the conventional firstorder SCF algorithm failed to converge within allotted cycles. Trajectories were terminated when
the product separation exceeded 8.8 Å or the maximum trajectory integration time (5000 fs) was
reached.
Due to the computational cost for large sets of dynamics simulations, B97XD/6-31+G(d) was
chosen for the simulations as it provided the similar accuracy as B97XD/6-31+G(d,p). 100
trajectories were accomplished for each of 9HG+ + H2O and 9MG+ + H2O. Trajectories of 9HG+
each took ~ 4300 CPU hours on an Intel 2.6 GHz core-based computational cluster, while those of
9MG+ each took ~ 6100 CPU hours. Trajectories of representative collisions were recalculated
at B97XD/ 6-31+G(d,p) to test how a basis set with the explicit polarization term for H atoms
would affect trajectory outcomes. The set of B97XD/ 6-31+G(d,p) was found to reproduce the
collision dynamics observed at B97XD/6-31+G(d), and the difference between the two sets of
trajectories is below statistical uncertainty. gOpenMol58was used for trajectory visualization.
Analysis of individual trajectories and ensemble averages was done using programs written for
these purposes.
22
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Chapter 3
Reactions of Water with Radical Cations of Guanine, 9Methylguanine, 2-Deoxyguanosine and Guanosine

3.1

Introduction
It was mentioned before that guanine (G) has the lowest oxidation potential (E vs. NHE =

1.29 V for guanosine, 1.10  1.24 V for the guanine moiety of DNA)1,2 and in parallel the lowest
adiabatic ionization energy (AIE = 7.75 eV for G),3,4 and thus represents a preferential target for
oxidation and ionization over adenine and pyrimidine bases. Thus, guanine radical cations (G+)
can be easily formed in DNA upon radiolysis, UV photolysis, chemical oxidation,5 electron
transfer between metal complexes bound to DNA,6 electrocatalytic oxidation and type I
photooxidation. In double-stranded (ds) DNA, guanine is paired with cytosine which leads
guanine to a lower oxidation potential7,8 and further facilitates the formation of G+. In ds DNA,
G+ is stabilized by base-pairing and reacts with water to form C8-hydroxylated products [8-OHG + H]+.

The latter undergoes further oxidation and produces 8-oxo-7,8-dihydro-2-

deoxyguanosine (OG) as the final product.9,10 In this work, reactions of water with radical cations
of unsubstituted guanine (9HG+, in a N9-H tautomeric form), 9-methylguanine (9MG+), 2deoxyguanosine (dGuo+) and guanosine (Guo+) have been examined in the gas phase. We used
tandem mass spectrometry coupled with ion-beam scattering to measure reaction cross sections,
product branching ratios and their collision energy (Ecol) dependence. The sensitivity of gas-phase
experiment, corroborated with reaction potential energy surface (PES) calculations and dynamics
25

simulations, has led to a better understanding of guanine radical ion chemistry.
3.2

Experimental
Experiments were carried out on the chemically “clean” 1O2 generator coupled with

electrospray tandem mass spectrometer described in section 2 in detail. All the chemicals were
used without further purifications. Guanine cation radicals preparation was also described in
section 2 before. Here the key operating parameters are tabulated below:
Table 3.1 Key operating parameters for reactions of guanosine radical cations + D2O.

Chemicals and
Concentration

ESI flow rate
Solvent

ESI bias voltage
Capillary voltage
Capillary temperature
Skimmer bias voltage
Pressure in hexapole

9HG+, 9MG+, dGuo+, Guo+
0.5 mM guanosine (Acros, 99%)
or 0.5 mM 9MG (Aldrich,  98.0%) or 0.5 mM dGuo (Sigma,
> 99%)
0.25 mM Cu(NO3)2 (AlfaAesar, >99.999%)
+ D2O (Magnisolv, 99.9%)
0.06 mL/h
methanol:water = 3:1
(volume to volume)
methanol (HPLC grade, Fisher Scientific)
water (HPLC grade, Fisher Scientific)
+2.35 kV
+115 V
180-200 oC
+17-25 V
24 mTorr

The electrical field between the capillary and the skimmer prompted CID of [CuII(Guo)02+
6(MeOH)0-3]

with background gas within the chamber, of which the fragmentation of [Cu

(Guo)3]2+ and [Cu II(Guo)(MeOH)2]2+ is featured by production of Guo+ via redox charge

II

separation followed by dissociation due to Coulombic repulsion within the complex, and the
resulting Guo+ may rupture the N-glycosidic bond and produce 9HG+, i.e. eqs. (1  3): 11,12
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[CuII(Guo)3]2+  [Cu(Guo)2]+ + Guo+

(1)

[CuII(Guo)(MeOH)2]2+  [Cu(MeOH)2]+ + Guo+

(2)

Guo+  9HG+ + C5H8O4

(3)

9MG+ and dGuo+ were generated via in-source CID of [CuII(9MG)3]2+ and [CuII(dGuo)3]2+, for
which the ESI solution was prepared using a mixing of 0.25 mM Cu(NO3)2 and 0.5 mM 9MG
(Aldrich,  98.0%) or dGuo (Sigma, > 99%).
D2O (Magnisolv, 99.9%) was held in a thermostated glass reservoir, purified by freeze-pumpthaw cycles before the experiment, and leaked into the scattering cell through a leak valve. The
valve was kept at 80C to avoid freezing D2O in the valve orifice. The scattering cell pressure was
controlled at less than 0.08 mTorr (unless otherwise stated) and measured by a capacitance
manometer (MKS 690 head and 670 signal conditioner). Under these conditions, reactant radical
cations underwent at most a single collision with D2O.
Intensities of reactant ion beam were 3  5  105 counts/s for 9HG+ and 9MG+, and 1.2 1.5
 105 counts/s for dGuo+ and Guo+.
3.3

Results

3.3.1

Structures of radical cations

We have examined all low-lying structures of 9HG+, 9MG+, dGuo+ and Guo+, taking into
account the N9HN7H tautomerization of guanine and the anti- and syn-conformations about the
N-glycosidic bond of dGuo+ and Guo+. All structures have no spin contamination (<S2> = 0.750,
as expected for a radical), and the T1 values from CCSD(T) calculations did not exceed the upper
limit of 0.02 (above which non-dynamic correlation effects are large enough to make singlereference method unreliable).13
27

Guanine has N9-H and N7-H tautomers, of which 7HG+ lies in energy at least 0.11 eV above
9HG+ and thus is unimportant. The global minima of 9HG+, 9MG+, dGuo+ and Guo+ all adopt
a keto- conformation for the guanine moiety. The sugar groups of dGuo+ and Guo+ prefer an
anti-keto configuration, opposite to the syn-enol conformation found for gas-phase neutral dGuo14
and Guo.15 The calculated lowest-energy structures are consistent with IR spectra and CID of gasphase 9MG+16 and dGuo+.12,17 On the basis of their populations at 298 K, these lowest-energy
conformers should be overwhelmingly dominating in our experiment and were thus used in the
discussion of reactions.
To demonstrate the location of the unpaired electron, spin density contours for the lowestenergy 9HG+, 9MG+, dGuo+ and Guo+ are plotted in Fig. 3.1, along with charge distributions.
For comparison, both keto and enol conformers are included in the figure. All radical cations share
the same spin density distribution in that an unpaired electron is delocalized among N3, C5 and
C8. Charge is separated from spin and C8-H is more positively charged than other groups, making
this site vulnerable for nucleophilic water attack. An obvious consequence of the substitution of
N9-H is reflected on charge densities, i.e., the negative charge on N9 decreases from -0.38 at
9HG+ to -0.11 at 9MG+, -0.06 at dGuo+ and -0.04 Guo+; meanwhile the charge on C4 changes
from +0.10 at 9HG+ to -0.07 at 9MG+, -0.25 at dGuo+ and -0.26 at Guo+. Charges on C6 and
C8 also changes at dGuo+ and Guo+. We tend to attribute these changes to hyperconjugation and
the associated electron delocalization between the  bonds of guanine and the  bond of the
substituent. When the dihedral angle of C4-N9-C1′-O(sugar) is distorted from the original -121
to 0 so that the (C1′-O) bond lies perpendicular to the  orbitals, changes of the charge
distributions become less substantial.
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Figure 3.1 Lowest-lying keto and enol conformers of 9HG+, 9MG+, dGuo+ and Guo+. Atomic numbering schemes are
presented. Spin (contour plots) and charge densities (numbers) were calculated at B97XD/6-31+G(d,p). Energies (eV) of enols
vs. ketos were evaluated at DLPNO-CCSD(T)/aug-cc-pVTZ//B97XD/6-31+ G(d,p) with 298 K thermal corrections.

3.3.2

Reaction products, enthalpies and cross sections

The radical cations + D2O isotope combination was used in the experiment to look for possible
atom scrambling. For all of the four reactant ions, major product channels include formation of
water complexes (i.e. hydration), H/D exchange (H/D_Ex) and water-assisted keto-enol
isomerization, as shown in reactions (4) – (7) where the presence of deuterium is indicated. H/D
exchange and keto-enol isomerization have the same product ion mass. For the reaction of 9HG+,
product ions were observed for H elimination (HE), i.e. reaction (4d). Reaction enthalpies
rH(298 K) were obtained from DLPNO-CCSD(T)/aug-cc-pVTZ//B97XD/6-31+G(d,p)
calculations, and those for H/D exchange were calculated from ZPE changes with deuteration
occurring at different H positions.
9HG+(m/z 151) + D2O  9HG+D2O (m/z 171)

Hydration rH = -0.50  -0.70 eV (4a)
rH = -0.007  -0.01 eV

d1-9HG+ (m/z 152) + HDO H/D_Ex
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(4b)

rH = 0.06 eV

(4c)

rH = 0.99 eV

(4d)

9MG+ (m/z 165) + D2O 9MG+D2O (m/z 185)

rH = -0.37  -0.68 eV

(5a)

d1-9MG+ (m/z 166) + HDO

rH = -0.006  -0.009 eV

(5b)

d1-enol-9MG+ (m/z 166) + HDO

rH = 0.06 eV

(5c)

dGuo+(m/z 267) + D2O 

rH = -0.29  -0.65 eV

(6a)

d1-dGuo+ (m/z 268) + HDO

rH = -0.006  -0.007 eV

(6b)

d1-enol-dGuo+ (m/z 268) + HDO

rH = 0.07 eV

(6c)

Guo+(m/z 283) + D2O  Guo+D2O (m/z 303)

rH = -0.26  -0.64 eV

(7a)

d1-Guo+ (m/z 284) + HDO

rH = -0.006  -0.008 eV

(7b)

d1-enol-Guo+ (m/z 284) + HDO

rH = 0.07 eV

(7c)

d1-enol-Guo+ (m/z 284) + HDO

rH = 0.07 eV

(7c)

d1-enol-9HG+ (m/z 152) + HDO
8-OD-G+ (m/z 170) + H

keto-enol

HE

dGuo+D2O (m/z 287)



In the experiment, all hydration products were formed under single hit conditions where
reactant ion reacts with water once or not at all, therefore the geometries of mono-hydrated
products were predicted by adding a water molecule to all possible hydration sites18 of reactant
radical cations and then optimized at B97XD/6-31+G(d,p). The optimized hydration structures
are summarized in Fig. 3.2, of which the hydration sites are specified in notations. The range of
rH listed for hydration reactions indicates the formation of all possible hydration structures,
including W12a (i.e. water hydrogen-bonded to N1-H and N2-H2a), W16, W9 and W2b for
9HG+H2O, and W12a, W16, W2b and W8 (or W85) for 9MG+H2O, dGuo+H2O and
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Figure 3.2 Mono-hydrates of 9HG+, 9MG+, dGuo+ and Guo+. Atom numbering scheme and nomenclature are presented.
Hydration sites are indicated by the last two numbers in notations, and hydrogen bonds are depicted by dashed lines with lengths
shown in Å. Relative energies (eV, with respect to global minima) and hydration enthalpies were evaluated for all-H systems at
DLPNO-CCSD(T)/aug-cc-pVTZ//B97XD/6-31+ G(d,p) with 298 K thermal corrections. A D2O ligand increases hydration
enthalpy by  0.01 eV.
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Guo+H2O. dGuo+H2O and Guo+H2O have additional sugar-hydrated structures. It was found
that the water ligand has no obvious influence on spin and charge densities of the radical cations.
Attempt was made to optimize complex
structures where water is hydrogen-

0.15

a) Formation of water-complex

bonded to the lone-pair electron at N3

.+
.+
9MG
.+
dGuo
.+
9HG

0.10

or N7, but none of these structures

Guo

0.05

converged to stable complexes. Neither
were such structures found in direct
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barriers in the ion guide. Therefore,
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Figure 3.3 Product cross sections for the reactions of D2O with 9HG+,
9MG+, dGuo+ and Guo+ as a function of center-of-mass collision
energy.

reaction cross sections were reported
over a center-of-mass Ecol range from
0.1 to 2.0 eV. To increase HE product

ion intensity, a relatively high D2O pressure (~ 0.2 mTorr) was used in the scattering cell; as a
result, both single- (~20%) and multiple- (~8%) collisions have contributed to the measured HE
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cross section. Fig. 3.3c only shows HE for 9HG+ + D2O, as the cross sections for the other three
reaction systems are too small to measure Ecol dependence. What could be confirmed qualitatively
is that all systems had H elimination at lowest Ecol, which should be mostly attributed to multiple
collisions. The total reaction efficiency can be calculated as the ratio of total /capture , where capture
is the ion-neutral dipole capture cross section determined using the statistical adiabatic channel
model.19 The efficiencies at lowest Ecol are 2% for 9HG+, 0.45% for 9MG+, 0.15% for dGuo+
and 0.1% for Guo+.
No proton transfer reaction of G + + D2O  [G – H] + HD2O+ was seem at Ecol up to 2.0 eV,
since the reaction was calculated to be endothermic by 2.81, 2.64, 2.86 or 2.73 eV when the proton
is abstracted from guanine N1, N2a, N2b and N9, respectively. Neither did we observe the
hydrogen abstract reaction of G+ + D2O  [G + D]+ + OD, as the reaction is 1.70 eV endothermic
and thus disfavored in the present Ecol range.
3.3.3

Trajectory results

For a complex system, use of chemical intuition to predict reaction pathways may prove
unreliable as there exist multiple concurrent and competing processes. Therefore, direct dynamics
trajectories were calculated for 9HG+ + H2O and 9MG+ + H2O at Ecol = 0.1 eV (100 trajectories
for each). Dynamics simulations explore multiple minima in the conformation landscape and the
reaction PES. The motion of molecules is followed, allowing the molecules to show what the
preferred reaction pathways are.20-24 Of the 200 trajectories we have simulated, 31.5% can be
characterized as direct, nonreactive scattering, resulting in conversion of some Ecol into vibrational
and rotational energies. The remaining trajectories first form electrostatic complexes upon
collisions. Such collision complexes do not have well-defined geometries or directional hydrogen
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bonds. They are simply floppy complexes of reactants, with large- amplitude intermolecular
motion. The importance of these complexes, referred to as precursors in the remainder of
discussion, is that they allow repeated encounters between reactants, increasing the probability of
eventually locking into a stable hydrogen bond such as W12a. Still, a large fraction of precursors
dissociate to reactants before the end of trajectories.
Two representative trajectories of forming 9MG+H2O are illustrated in Fig. 3.4a and b, where
each frame shows collision time scale, changes in system potential energy (PE) and the centersof-mass distance between collision partners, and changes of hydrogen bonds along the trajectory.
In the trajectory of Fig 4a, the collision instant is around 300 fs, after that a precursor forms and
then converges to a W12a structure at 1000 fs as shown by the formation of rH1water and rH2a–
water hydrogen bonds in the bottom frame. The two gray levels within the bottom frame mark the
maximum distances for weak and modest interactions, respectively. The oscillations in the PE and
bond lengths reflect molecular vibrations (including ZPE) and intermolecular motions. The
trajectory in Fig. 3.4b represents the formation of a W8 complex. Note that W8 forms only in the
trajectories of 9MG+ + H2O, and the nature of W8 is more electrostatic attraction than a hydrogen
bond.
Our trajectory simulation times (~5 ps) were too short compared to the ion time-of-flight within
the mass spectrometer, therefore we could not predict the distribution of complex structures in
final product ions as most of the complexes would eventually dissociate driven by the acquired
hydration enthalpy, and some trajectories may interconvert between different hydrogen bonds.
The purpose of our dynamics simulations was to examine reaction dynamics at the early stage 
the point at the reaction coordinate where different product channels and the effects of reactant
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Figure 3.4 a, b) Representative complex-forming trajectories for 9MG+ + H2O, simulated at Ecol = 0.1 eV. Each set shows the
changes of PE and the CM separation between collision partners (right axis), and the formation of hydrogen bonds; and c)
formation probabilities of different complex structures in the trajectories of 9HG+ + water and 9MG+ + water. Distribution
probabilities are based on 100 trajectories for each system.

structure originate. To this end, formation probabilities of different complex structures in the
trajectories of 9HG+ + H2O and 9MG+ + H2O are compared in the histograms of Fig. 3.4c. The
overall height of each column represents the total formation probability of individual structures,
and the white area represents the fraction of complexes that dissociate to starting reactants before
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the end of trajectories.
W12a was observed in both 9HG+ + H2O and 9MG+ + H2O trajectories, as the most probable
structure in complex forming. W12a also has the strongest hydrogen bond among all hydration
structures, according to DFT calculations in Fig. 3.2. Surprisingly, the yield of W16 is minor in
both 9HG+ and 9MG+ trajectories, despite it represents the second strongest hydrogen bond. In
sharp contrast, W8 diminishes in the trajectories of 9HG+ + H2O, whereas W9 diminishes in
9MG+ + H2O. As mentioned above W8 is more an electrostatic complex than hydrogen-bonded.
We tried to optimize a W8-like structure for 9HG+H2O, but the water always swings out of the
original position and directs to a W9 structure. To compensate the missing of the W9 structure,
9MG+ + H2O forms much more W2b and precursor than 9HG+ + H2O. The overall complex
formation efficiencies are 69% for 9HG+ + H2O and 68% for 9MG+ + H2O; but 9MG+ + H2O
produces more precursors (40%) than 9HG+ + H2O (32%), and consequently presents a higher
dissociation rate, i.e., 35% of 9MG+H2O dissociate before the end of trajectories, and the rate
drops to 30% for 9HG+H2O.
3.4

Discussion

3.4.1

Hydration complexes, H/D exchange and keto-enol isomerization

Despite the fact that formation of water complexes is the energetically most favorable, water
complexes were detected only at low Ecol and even then Hydration is at most 5% of the total cross
section. We have calculated the lifetimes of various water complexes using the RRKM theory.
For decay of these complexes to reactants, orbiting transition states25 were assumed because there
are no reverse barriers. In the calculations, we used average angular momenta corresponding to
capture cross sections, i. e. L = µrel(capture/)1/2 where µ and rel are the reduced mass and relative
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velocity of collision partners, respectively. Recoil energy needed to calculate orbiting TSs was
estimated from dynamics trajectories. The average lifetime of 9HG+H2O is 70  80 ns at Ecol =
0.1 eV, dropping to 3 ns at 0.2 eV and 0.1 ns at 0.5 eV. 9MG+H2O is longer lived than
9HG+H2O, with an average lifetime of 1 s at Ecol = 0.1 eV, 60 ns at 0.2 eV and 2 ns at 0.5 eV.
The longest lived complexes correspond to dGuo+H2O and Guo+H2O. Their lifetimes are > 10
s at Ecol = 0.1 eV, 0.5 s at 0.2 eV and 3 ns at 0.5 eV. The RRKM results imply that the lifetimes
of all water complexes are shorter compared to ion time-of-flight (s) in the mass spectrometer,
and most complexes decayed back to reactants before reaching the ion detector. The mass
spectrometer collected only a very small fraction of hydration products.
The dominant product channel for all reactant ions is H/D exchange. Note that keto-enol
isomerization could only be observed in the experiment if there was concomitant H/D exchange.
An obvious question is the extent to which simple H/D scrambling (without structure
rearrangement) and keto-enol isomerization each contribute to the product cross section, and how
their contributions vary with Ecol. Our experiment could not distinguish which guanine tautomer
formed in the products, but has provided clues through the reaction Ecol-dependence. At low
energies H/D exchange is strongly suppressed by Ecol, and its cross section approaches a minimum
at Ecol = 0.2 – 0.4 eV. However, the cross section rebounds starting from 0.3 eV, becoming energyindependent toward high Ecol limit.

Such Ecol dependence suggests that H/D exchange is

dominated by one mechanism at lowest Ecol, while a second mechanism grows at high Ecol. The
low-energy H/D exchange is most likely mediated by a complex and proceeds via hydrogen
migration or isomerization of hydrogen bonds, with the formation probability and/or lifetime of
such migrated complexes strongly suppressed by Ecol. A complex- mediated H/D exchange at low
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Ecol is consistent with the same dependence of complex-forming and H/D exchange cross sections
on reactant ion structures (see Fig. 3a and b). The endothermic keto-enol isomerization may
contribute to low energy reactions, but cannot be dominant as judged from the Ecol-inhibiting
feature of the reaction. The high-energy mechanism, on the other hand, can be mostly attributed
to water-assisted keto-enol isomerization. The PES for reaction (4c) is depicted in Fig. 3.5. There
are many complexes form in collisions, but reaction (4c) must certainly pass through W16. The
TS for isomerization can be characterized as double proton transfers occurring simultaneously,
with activation barrier 0.53 eV above 9HG+W16, but still 0.07 eV below reactants. Catalyzed
by water, the reaction has a threshold of only 0.06 eV. Keto-enol isomerization may also be
possible for dry radical cations via a direct N1-to-O6 proton transfer. We have calculated TS (no
water) in Fig. 3.5 for the direct version of keto-enol isomerization. The barrier rises to 1.69 eV
above starting reactants, rendering the isomerization of dry guanine less likely. Similar waterassisted isomerization was observed for neutral 8-hydroxyl guanine radical.26
The above discussion leads to a dynamics picture as follows: 1) at low energies, a set of shortlived water complexes form, and before dying out a fraction of them mediate H/D exchange; 2) as
Ecol raises, the probability of complex forming decreases rapidly. It is more reasonable to assume
that keto-enol isomerization occurs in an already correctly oriented (W16-like) structure allowing
for double proton transfer, by which we mean that reactivity is controlled by collision geometry;
3) As an additional note, dGuo+H2O and Guo+H2O can carry the water ligand longer than
9HG+H2O and 9MG+H2O at high Ecol (a phenomena that could be rationalized in terms of
increased degrees of freedom and more efficient IVR in large systems), of which the W16 structure
could catalyze keto-enol isomerization. This is supported by the experimental observation that
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H/D exchange for dGuo+ and Guo+ does not undergo steep decreasing as 9HG+ and 9MG+ when
Ecol starts increasing, and have higher H/D_EX than 9HG+ and 9MG+ at high energies. Of course,
a direct mechanism still dominates for dGuo+ and Guo+ at high energies.
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Figure 3.5 PES for keto-enol isomerization of 9HG+ in the presence and the absence of water. Reaction enthalpies (eV, for allH species) were determined on the basis of electronic energies at DLPNO-CCSD(T)/aug-cc-pVTZ//B97XD/6-31+G(d,p), and
298 K thermal corrections at B97XD/ 6-31+G(d,p). For TSs, vibrational modes corresponding to imaginary frequencies are
indicated by displacement vectors. Numbers in parentheses are reaction enthalpies with D2O.

3.4.2

C8-hydroxylation and H elimination

Perhaps the biologically most relevant product channel is the water attack at the C8 position
of guanine radical cations, as this is the first step toward the cascade of the OG lesions. Despite
the pivotal role, the C8-adduct [8-OH-G + H]+ has never been directly detected except
EPR/ENDOR measurement of OH addition to solid N7-protonated guanine.27 Schuster and coworker28 reported an experiment on the reaction of water with dGuo+ in DNA. In the experiment,
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hydrophobic alkyl-substituted cytidines and thymidines were incorporated into the duplex, by
which they had expected to repel the otherwise tightly bound water molecules in their vicinity and
disrupt the hydration of dGuo+. The experiment did not produce noticeable changes. Later, they
found that a counter ion located in the DNA major groove in proximity to the GG segment could
assist the addition of water to ionized DNA.29
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We were able to detect H-elimination products in the reaction of 9HG+ + D2O, which we tend
to attribute to a C8-adduct-mediated reaction on the basis of the PES calculation in Fig. 3.6. The
PES is presented for all-H species to allow comparison with the literature (and the differences in
40

reaction enthalpies for deuterated species are less than 0.01 eV). Under single ion-molecule
collision conditions, the HE reaction corresponds to 9HG+ + H2O  9HG+W  TS1W (C8water addition)  [8-OH-9HG + H]+ (formation of C8-hydroxylated intermediate)  TS2 (H
elimination)  8-OH-9HG+ + H. 9HG+W can be characterized as reactants-like with an
intermolecular distance of 2.9 Å. The complex is electrostatically bonded, and it is unlikely that
there would be activation barrier to its formation. The rate-limiting steps correspond to two tighter
activation barriers TS1W and TS2 with the maximum barrier height being 1.42 eV above reactants.
There is another charge state for the HE products, i.e. 8-OH-G + H+, for which the reaction
enthalpy is 9.53 eV and thus was not considered further.
The calculated HE endothermicity is consistent with our experimental observation that the HE
cross section increases at high Ecol. The fact that HE is minor even at high energies could be
partially contributed to inter-product channel competition, and partially to the suppression by
angular momentum conservation.30 The reduced mass for HE products is 20 times lower than that
for H/D exchange, thus for a given recoil angular momentum, the centrifugal barrier will be
roughly an order of magnitude larger. In other words, it was more difficult for the HE products to
escape over the centrifugal barrier than for the H/D products. Because H/D exchange itself is a
minor channel at high Ecol, a factor of 20 suppression would shut down HE for 9MG+, dGuo+ and
Guo+.
Our PES for single-water addition to the C8 of 9HG+ agrees with the repulsive reactant
interaction reported by Reynisson and Steenken;31 however, we have identified a non-repulsive
reaction route when two water molecules are added to the reaction. As shown by the blue lines in
Fig. 3.6, the second water significantly lowers TS1 for C8-water addition (by 1.4 eV) and there is
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no barrier for water nucleophilic addition. TS12W features an activation structure where a bond
between C8 and a water O atom forms concurrently with the transfer of a water proton towards a
neighboring water molecule, and the latter water then transfers a proton to N7. The second waterassisted C8-water addition is reminiscent of the counter ion-assisted water addition reported by
Schuster and co-worker.29 In both cases, activation barrier diminishes for a reaction that starts
from a configuration where a proton (in our experiment) or a Na+ (in Schuster et al s) resides at
or near the N7 of guanine radical cation and evolves through a TS incorporating a proton shuttle
mechanism. The formation of 9HG+2W and TS12W provides an explanation for the HE cross
section observed at the lowest Ecol (Fig. 3c), where the combination of long collision time and high
D2O pressure made multiple collisions (up to 8%) and thus three-body reactions possible.
Lastly, we have computed two pathways leading from [8-OH-9HG + H]+ to 8O-9HG+: one
is consecutive elimination of two H atoms. i.e. [8-OH-9HG + H]+  TS2  8-OH-9HG+ + H 
8O-9HG+ + 2H, and the other is concerted H2 elimination from C8-H and C8-OH, i.e. [8-OH-9HG
+ H]+  TS3  8O-9HG+ + H2. Both pathways require high activation energy (>3 eV) and thus
are not feasible in the experiment. We have explored the possibility of forming an enol isomer of
8O-9HG+ (0.47 eV higher in energy than keto) via H2 elimination from N7-H and C8-H of [8OH-9HG + H]+; however, no TS could be located. Alternatively, the enol-isomer could be
interconverted directly from 8O-9HG+, and the accompanying transition state is 2.29 eV above
8O-9HG+.
3.4.3

The Effects of N9-substitution

9HG+, 9MG+, dGuo+ and Guo+ have similar reaction enthalpies and activation barriers. On
the basis of the DFT-predicted hydrogen-bonding structures in Fig. 3.2, one may image that dGuo+
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and Guo+ would offer the deoxyribose/ribose OH groups for additional hydrogen bonding such
as W3′ and W85′, and form more water complexes. The striking observation is that 9HG+ seems
the most hydrophilic, while all of the N9-substituents inhibit both complex formation and H/D
exchange at low energies. The fact that the low-Ecol cross sections of 9MG+, dGuo+ and Guo+
are comparable to each other but much lower than that of 9HG+ implies that the hydroxyl groups
of deoxyribose and ribose have not participated in hydration, at least not to a significant extent.
Related to this observation is that Saigusa and co-workers reported similar mono-hydrated
structures of dGuo and Guo, from which they have ruled out the hydration of 2-OH.32 The same
group reported that the lowest-energy structure of GuoH2O is analogous to that of 9MGH2O.33
Since the hydration of sugar moiety has been ruled out in our reactions and the DLPNOCCSD(T)/ B97XD calculations have indicated that the methyl, 2′-deoxyribose and ribose groups
make little difference on reaction enthalpies and activation barriers. We can therefore use 9HG+
+ H2O vs. 9MG+ + H2O as model systems to capture the physics of the collisions and to delineate
the dynamics influence of N9-substituents. The reaction Ecol-dependence and the trajectory
simulations have confirmed that low energy reactions are complex-mediated, thus the missing of
a W9 structure seems to be the most likely reason for the reduced reactivity of N9-substituted
radical cations. By comparing reaction cross sections and product branching of 9HG+ + H2O and
9MG+ + H2O at 0.1 eV, we may estimate that 9HG+W9 may accounts for ~75% of detected
water complexes. On the other hand, the yield of W12a in final products may not be as significant
as it has shown in the trajectories (cf Fig. 3.4c); otherwise we would have expected less decreasing
for 9MG+, dGuo+ and Guo+. The implication is that, in addition to complex formation, reactions
involve dynamics factors such as complex lifetimes and orientation, etc. In addition, the formation
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of W16 was found to be modest in the trajectories. In light of this result, we restate that keto-enol
isomerization is dominated by a direct mechanism, and the contribution of W16-mediated ketoenol isomerization should be modest.
3.5

Summary
The guided ion-beam scattering experiment, reaction PES calculations and dynamics

simulations were carried out to discover the mechanism and dynamics for the water attack on
guanine radical cations in the gas phase where the deprotonation of guanine radical cation is
blocked. Various N9-substituted guanine radical cations were examined including 9HG+, 9MG+,
dGuo+ and Guo+, in the order of increasing structural complexity. At low Ecol, the collisions lead
to many short-lived complexes with various hydrogen bonds, of which a W9 structure with water
hydrogen-bonded to N9-H acts as an important intermediate. The substitution of N9-H blocks the
formation of W9, and no hydration of guanosine sugar hydroxyl groups was observed. A
combination of these factors results in decreasing reactivity in the order of 9HG+ > 9MG+ >
dGuo+  Guo+. At high Ecol, water-catalyzed keto-enol isomerization dominates that occurs by
a direct mechanism, except that for dGuo+ and Guo+ where the relatively long-lived W16
complexes may enhance isomerization.

Despite being a minor product channel, the most

biologically relevant product ions 8-OH-9HG+ (a critical intermediate in the post-ionization
conversion of guanine nucleobase into OG) were captured in the reaction of 9HG+ with water. It
was found that C8-water nucleophilic addition has a high activation barrier in the presence of only
a single water molecule, but the barrier vanishes once a second water molecule is added to the
reaction as a catalyst. It would be interesting to explore the effects of adding more water molecules
to the reaction system. Understanding the dynamics of a multiply-hydrated radical system is more
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challenging, and thus has more intimate biological relevance since the biological reaction
environment presents more complex hydrogen bonding structures. Instead of speculating, we plan
to simulate the dynamics of two- and three-water-participating C8-hydroxylation in future work.
Two simulation approaches will be utilized: the first is to model the reactions of mono-hydrated
9MG+H2O + H2O and dihydrated 9MG+(H2O)2 + H2O, with specific hydrogen bonds in
9MG+H2O and 9MG+(H2O)2 reactant ions and one of the water ligands specifically attached to
C8-H; and the other is to follow trajectories evolving from TS12W that connects reactant and the
C8-hydroxylated product, so that more insight can be acquired into the dynamics of the reactions
of interest.
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Chapter 4
Reaction Kinetics, Product Branching and Potential Energy Surfaces
of 1O2-induced Guanine-Lysine Cross-linking

4.1

Introduction
Guanine presents the lowest oxidation potential1,2 and the lowest ionization energy3,4 among

the four DNA nucleobases, and is the most readily oxidized base during the oxidative damage of
DNA. The 1O2 oxidation mechanism of guanosine (G) nucleoside is illustrated in Scheme 4.1.5-17
OGox-mediated reaction is the covalent cross-linking of proteins to DNA, the so-called DNAprotein cross-links (DPCs, see the blue-labelled Path 2b in Scheme 4.1).18-20 DPCs may block
transcription and replication and must be repaired for cell survival.18 Lysine is a potential
participant in oxidative DPCs because it has a large abundance in histones  one of the main
protein components of eukaryotic chromatin. Particularly, the regions of the histones H2A, H2B,
H3 and H4 that are most strongly involved in the binding of DNA to the core nucleosome in
chromatin are rich in lysine (and arginine). The close proximity of lysine to the guanine bases in
DNA makes this amino acid of considerable interest in the formation of DPCs.21 The presence of
lysine

in

the

reaction

mixture

of

dGuo

and

1

O2

produces

C5-lysine-substituted

spiroiminodihydantion by the nucleophilic addition of the -amino group of lysine at the C5
position of OdGuoox exclusively.18,20 Note that, while DPCs are common structural modifications,
they are the least understood DNA damage due to various intermediate structures and formation
mechanisms. Besides the OGox-mediated DPCs that follows the 1O2 oxidation of guanine,18-20
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DPCs may be mediated by guanine radical cations and its deprotonated species during the
oxidation of guanine by one-electron oxidants.19,21-25
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process, while the green-colored pathways illustrate the possible mechanisms for the formation of LysNH-2,5-dione from 5LysNH-OG or 5-LysNH-Sp.

We recently reported the 1O2 oxidation kinetics of free guanine and 9-methyl-guanine (9MG)
at different pH values. In the present study we have continued to elucidate the 1O2 oxidation
kinetics of 9MG in the presence of lysine as a competing nucleophile for C5-addition. The
formation of lysine-based DPCs has been explored in different contexts, for example, Burrows,
Schlegel and co-workers reported the H2O-, NH3- and lysine-adducts of the oxidized dGuo in the
nucleoside, single-stranded and duplex oligodeoxynucleotide contexts, respectively, using
experimental and theoretical approaches.18,25,26 The emphasis of the present work was placed on
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quantitative measurements of the cross-linking kinetics and the branching ratios between the
formation of Sp and C5-lysine-substituted-Sp. In the current work 9MG was used as a prototype
compound27-31 of guanine nucleoside as its N9-methyl group mimics the attachment of a sugar
group to the guanine nucleoside.

Particularly, 9MG has the same protonation (N7) and

deprotonation (N1) sites as guanosine. The pKa values are 3.11 (pKa1) and 9.56 (pKa2) for 9MG,32
which are close to 2.20 and 9.50 for guanosine33 and 2.30  2.85 and 9.99  10.18 for guanine
bases in oligonucleotides.34 For comparison, the ribose 2,3-diol only loses a proton at the pH
above 1233,35 and cannot compete with deprotonation on guanine. Nα-acetyl-lysine methyl ester
(abbreviated as LysNH2) was used as a model protein system to prevent the reactions from the αamino and carboxylate terminus with 9MG18 and to mimic the addition of the lysine -amino group
of a tripeptide onto a guanine base.
4.2

Experimental

4.2.1

Chemicals and solutions

All chemicals were used without further purification. Reaction solutions containing 0.03 mM
of 9MG (≥ 98%, Chemodex) and 15 mM of LysNH2 (N-acetyl-L-lysine-methyl ester
hydrochloride, 98%, Aldrich) were prepared in the pH 7 phosphate buffer (0.05 mM, Alfa Aesar)
or the pH 10.0 borax/NaOH buffer (MP Biomedicals). The UV absorbance of 9MG fell within
the range of 0.6 – 1.0 to ensure a linear relationship between the absorbance and the reactant
concentration in the kinetics measurement. For MS measurements, the reaction solutions were
prepared with 1.5 mM 9MG and 15 mM LysNH2 at pH 7.2, and 2.5 mM 9MG and 15 mM LysNH2
at pH 10, respectively; and their pH was adjusted to the desired value using the diluted phosphate
buffer or NaOH solution. The experimental setup and a schematic drawing was shown in chapter
2.
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4.2.2

Calibration of [1O2] in solution

In the experiment, chemically generated 1O2 was continuously bubbled into the reaction vessel.
1

O2 had a longer lifetime in the interior of bubbles (because of reduced encounters with water)

than in bulk solution. After diffusing into the bulk water, 1O2 could travel ~ 150 nm within a
lifetime of ~ 2 μs.36 Therefore, 1O2 reactions occurred both at the gas/solution interface and in the
bulk solution. On the basis of the steady concentration of airborne 1O2 (determined on the basis
of its emission intensity) and the continuously bubbling of 1O2 into the solution, a quasi-steadystate [1O2]sol was assumed for the solution reaction and its amount was determined as
[1O2]sol = m(IEM – IB)

(4.1)

where IEM is the 1O2 emission intensity (mV) measured by the lock-in amplifier in the gas
phase, IB (= 43 mV) represents a threshold 1O2 intensity below which all of the airborne 1O2
quenched in the bubbles and/or during diffusion before reaching aqueous substrates as we
determined in the previous experiment,37,38 and m is a scaling factor (Mmv-1).
To validate this assumption and calibrate the value of the scaling factor m, 3-(10-(2-carboxyethyl)-anthracen-9-yl)-propionic acid (ADPA, Aldrich) was used as a calibration compound.
ADPA is known to react with 1O2 chemically (i.e. without physical quenching) and produce an
endoperoxide via a [4 + 2] cycloaddition accompanied by bleaching of the absorption band of
ADPA.39 To take into account the physical quenching of 1O2 by the LysNH2 (N-acetyl-L-lysinemethyl ester, 15 mM) in the actual reaction solution, the calibration experiment was carried out in
the presence of the same LysNH2 concentration in the ADPA solution. pH of the ADPA solution
(0.1 mM) was maintained at 10.0 using borax/NaOH buffer. The rate law for the decay of ADPA
could be described as
(4.2)

,
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where At and A0 are the ADPA peak absorption (at 378.7 nm) at different reaction times and
time zero, respectively; and [1O2]sol,t represents the [1O2]sol at the time instant t. The combination
of Eqs (4.1) and (4.2) gives
(4.3)

,

Figure 4.1a shows the absorption changes of ADPA throughout the reaction, and the plot of
.
between

is depicted in Figure 4.1b. The observation of a linear relationship

,

and

,

has verified the pseudo first-order consumption of ADPA and

the linear dependence of [1O2]sol on IEM. Accordingly, the value of m (8.39 10-15 MmV-1) was
extracted from the slope of the calibration plot using the reaction rate kr of 8.2 × 107 M-1⋅s-1 for
ADPA + 1O2.4
During the experiment, emission of airborne 1O2 was continuously monitored, and the Eq. 4.1
was used to determine [1O2]sol in the reactions.
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4.3

Results and discussion

4.3.1

Product distributions of 9MG oxidation and 9MG-LysNH2 cross-links

In our previous work,38 the 1O2 oxidation rate of 9MG was measured at three different pH
values (4.0, 7.0 and 10.0). After taking into account the populations of different ionization states
of 9MG at each pH, the 1O2 oxidation rate constants were determined to be 1.2  106 M-1s-1 for
neural 9MG and 4.6  4.9  107 M-1s-1 for deprotonated [9MG – H]. No oxidation was observed
for protonated [9MG + H]+. Such strong pH dependence led us to focus on the measurements of
1

O2-oxidation induced 9MG-LysNH2 cross-links only at pH 7.0 and 10.0.

Products at pH 10

The oxidation of 9MG at pH 10 and the subsequent cross-linking with

LysNH2 were revealed by real-time mass spectra and UV-Vis absorption as shown in Figure 4.2.
All of the product ions are highlighted in red in the mass spectra of Figure 4.2a, including [9MGhOX
 H] (m/z 168) and [9MOG – H] (m/z 180) which were produced via Path 1 (see Scheme 4.1),
[9MGh  H] (m/z 170), [9MSp  H] (m/z 196) and [gem-9Mdiol  H] (m/z 214) which were
produced via Path 2a, and the cross-linking products of 5-LysNH-[9MSp H] (m/z 382) produced
via Path 2b and its secondary products 5-LysMe-NH-[9MSp H] (m/z 338, produced via the Nacetyl hydrolysis of 5-LysNH-[9MSp H]) and 1-methyl-4-LysN-2,5-dihydro-1H-imidazoline2,5-dione (m/z 311, abbreviated as LysN-2,5-dione, produced by CO elimination of 5-LysNH[9MSp H], vide infra for its reaction mechanism). All of these products were verified to be 1O2specific. According to the pKa values of LysNH2 (pKa = 10.5440) and 9MG (pKa2 = 9.56),32 it is
reasonable to assume that at pH 10 the LysNH moiety of the cross-links remained in the neutral
state whereas the 9MG moiety was deprotonated.
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Figure 4.2 (a) Negative ion-mode ESI MS measurement for the reaction of [9MG – H] + LysNH2 + 1O2 at pH 10, where the
inset shows the relative product ion yields along the reaction time; (b) CID MS/MS of the cross-linking products of [9MG – H]
and LysNH2, where the blue structures represent the fragment ions observed and the gray structures represent the portion of the
where At and A0 are the
molecule lost on CID; and (c) the UV-Vid absorption spectra and the plot of In(At/A0) vs
absorbance of [9MG – H] at 269 nm at different times and time zero.

The inset of Figure 4.2a shows the appearance and relative abundances of all product ions
throughout the 40-minute reaction. The intensities of the products produced from the same
reaction path were lumped into one group. At the end of the reaction, product branching ratios are
Path 1 (9MGhOX + 9MOG) = 0.47: Path 2a (9MGh + 9MSp + gem-9Mdiol) = 0.13: Path 2b (9MGLysNH2 cross-links) = 0.40. For comparison, the product branching ratios measured at the same
pH but in the absence of Lys NH2 were Path 1 = 0.28 : Path 2a = 0.72. This is consistent with the
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previous finding that the 9MG-LysNH2 cross-links compete with 9MSp.18 We have also examined
the reaction at pH 10.0 using low concentrations of LysNH2 (0.5 – 1.0 mM); in that case 9MGLysNH2 cross-links were not observed at all, and LysNH2 had no effects on the 9MG oxidation
product distributions.
All of the product ions were subjected to CID with Xe gas for structural characterization. The
CID product ion mass spectra of [9MGHOX  H], [9MGh  H], [9MOG – H] and [9MSp – H]
and [gem-9Mdiol  H] are identical to those reported in our previous work38 and thus not shown
here. Figure 4.2 depicts the CID results of cross linking-specific products. As shown by the
ChemDraw structures in Figure 4.2b, the fragment ions of 5-LysNH-[9MSp H], 5-LysMe-NH[9MSp H] and LysN-2,5-dione could be explained by their partial structures where the bluecolored structures represent the fragment ions observed in the CID mass spectra and the gray
structures depict the portion of the molecule lost upon CID.
Dramatic bleaching of 9MG absorbance was also observed throughout the reaction. As
illustrated in Figure 4.2c, the decrease of 9MG absorbance in the range of 240 – 290 nm was
accompanied by the increasing product absorption above 290 nm, with an isosbestic point located
at 290 nm.
Products at pH 7

The oxidation and cross-linking of 9MG became much slower under the

neutral condition. UV-Vis absorption of the reaction solution was measured during the reaction,
but the spectral change (not shown) was less than 1% over a 1-hr reaction period. The 1O2-specific
9MG oxidation products detected in the positive-ion-mode ESI mass spectra (see Figure 4.3a)
include [9MGHOX + H]+ (m/z 170, Path 1 of Scheme 4.1), [9MGH + H]+ and [gem-9Mdiol + H]+
(m/z 172 and 216, Path 2a), and product ions at m/z 201. No [9MSp + H]+ was observed in the
presence of LysNH2. On the other hand, the product ions of m/z 201 were observed both in the
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absence38 and the presence of LysNH2. As discussed in the previous study of the 1O2 oxidation of
9MG,38 the product of m/z 201 resembled that of 5-carboxamido-5-formamido-2-iminohydantoin
(2Ih) in the CID MS characterization,41 albeit that the protonated 9-methyl-substituted 2Ih would
correspond to m/z 200.
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Figure 4.3 (a) Positive ion-mode ESI MS measurement for the reaction of 9MG + LysNH3+ + 1O2 at pH 7, where the inset shows
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The cross-links detected at pH 7 include 5-LysNH2+-9MOG and 1-methyl-4-LysNH2+-2,5dihydro-1H-imidazoline-2,5-dione (m/z 313, abbreviated as LysNH2+-2,5-dione). The latter was
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produced by CO elimination of 5-LysNH2+-9MOG (vide infra) followed by the hydrolysis of the
ensuing guanidine intermediate. Note that at pH 7 the LysNH moiety is completely protonated
within the cross-links. This implies that all stable cross-linking intermediates and products could
be detected by positive ESI MS. We also note that m/z 313 could be possibly assigned to 5LysNH2+-9MSp, a protonated analogous of 5-LysNH-[9MSp – H] that was detected at pH 10.
However, the reaction PES analysis (to be discussed below) has suggested that the formation of 5LysNH2+-9MSp was not energetically favored.
The inset of Figure 4.3a presents the products growing and their relative abundances as a
function of reaction time, for a total reaction duration of 2 hour. The final product branching ratios
are Path 1 (9MGhOX) = 0.08 : Path 2a (9MGh + gem-9Mdiol) = 0.22 : Path 2b (9MG-LysNH2
cross-links) = 0.29 : m/z 201= 0.41. The product branching ratios changed to Path 1 (9MGhOX) =
0.20 : Path 2a (9MSp + 9MGh) = 0.32+ 0.25 : m/z 201= 0.23 in the absence of LysNH2. Again,
the cross-linking products became insignificant when the LysNH2 concentration was lowered to
1.0 mM.
The structures of all protonated product ions captured at pH 7 were also examined by tandem
CID MS/MS. Figure 4.3b depicts the CID results of 5-LysNH2+-9MOG and LysNH2+-2,5-dione,
and the CID results of [9MGHOX + H]+, [9MGH + H]+, [gem-9Mdiol + H]+ and m/z 201 were
reported before.38 Most of the fragment ions of 5-LysNH2+-9MOG and LysNH2+-2,5-dione could
be explained by their partial structures. Note that one major fragment ion m/z 344 of 5-LysNH2+9MGH corresponds to the elimination of C2N; however, its dissociation mechanism remains
unclear. It is likely that the C2N elimination involves the decomposition and rearrangement of the
aromatic rings.
Since the reaction at pH 7 resulted in only subtle change in its UV-Vis spectroscopy, the

57

oxidative decay of 9MG was determined by the measuring the abundance of the remaining 9MG
in the product mass spectra, and the result is plotted in Figure 4.3c.
4.3.2

Reaction PESs and their pH dependence

Schlegel and his co-workers20 calculated the 1O2 oxidation of guanine and the formation of
guanine-lysine cross-links at the SMD-B97XD/aug-cc-pVTZ//SMD-B97XD/6-31+G(d,p)
levels of theory, in which the lysine molecule was modeled using MeNH2. In our previous study
of the 1O2 oxidation of guanine and 9MG,38 we had used their reaction PESs as a guide and not
only refined reactions surfaces using a large basis set, i.e. SMD-B97XD/aug-cc-pVQZ//SMDB97XD/6-31+G(d,p), but expanded the reaction systems to include neutral, protonated and
deprotonated guanine and 9MG. In the present work, we have continued expanding our PES
calculations to include the cross-linking of 9MG with the full molecular structure of LysNH2. The
calculations were focused on two specific reaction systems: one is the 1O2 oxidation of [9MG –
H] and the cross-linking of the ensuing [9MOGOX  H] with neutral LysNH2, which represents
our experiment at pH 10.0, and the other is the oxidation of neutral 9MG followed by cross-linking
with protonated LysNH3+, which is to mimic the reaction at pH 7.0.
4.3.2.1 PES for pH 10

Figure 4.4 reports the PES for [9MG – H] + 1O2 + LysNH2 that is

the computational equivalent of using a pH 10 reaction solution where LysNH2 was predominantly
neutral whereas 9MG was deprotonated. The global minimum conformer of each reactant was
used as the starting structure in reaction coordinate calculation.
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Figure 4.4a summarizes the oxidation of [9MG – H] by 1O2, i.e. [9MG – H] + 1O2  [8-OO9MG
– H]  [4,8-OO9MG – H]  [8-OOH9MG – H]  [9MOGOX – H]. The reaction starts with
an addition of the O2 moiety to the C8 atom of deprotonated [9MG – H] to form an 8-peroxide
[8-OO9MG – H] via TS1. Of the different ionization states of 9MG, [9MG – H] bears the
lowest activation barrier for the initial O2 attack (for comparison, the barrier raises to 32.2 kJ/mol
for neutral 9MG and 52.5 kJ/mol for protonated [9MG + H]+).38 This is consistent with the pH
dependence observed in the experiment, where the reaction was the fastest in the basic solution.
[8-OO9MG – H] evolves to a 4,8-endoperoxide [4,8-OO9MG – H] via TS2.38,42 The latter
subsequently transforms into [8-OOH9MG – H] via a H-atom transfer from the C8 atom to the
C8-OO terminal, followed by elimination of a water molecule to form [9MOGOX – H]. No
significant barriers would be expected for these transformations.20,38
Figure 4.4b depicts two competitive pathways between the reactions of [9MOGOX – H] with
water and LyNH2, which can distinguished by different colors. The main points of the two reaction
surfaces are described here:
(1) C5-water addition

Water addition to [9MOGOX – H] needs to cross an energy barrier

at TS3a. The activation energy of TS3a is reduced to 59.9 kJ/mol in the presence of two water
molecules, of which one water acts as the reactant and the other is catalytic.20 The initial adduct
[5-OH9MOG – HN2] (i.e. deprotonated at N2) undergoes water-assisted proton rearrangement (i.e.
TS 3b-) and isomerizes to [5-OH9MOG – HO6] (i.e. deprotonated at O6) and then to [5-OH9MOG
– HN7] (i.e. deprotonated at N7). [5-OH9MOG – HO6] finally converts to [9MSp – H] via an
acyl shift at TS3c (barrier height -366.1 kJ/mol relative to starting [9MG – H]), and [5-OH9MOG
– HN7] converts to [gem-9Mdiol – H] via TS3d (-302.1 kJ/mol, with the aid of two water
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molecules). The activation barrier of TS3c locates 64 kJ/mol lower in energy than TS3d; but
the product yield of [gem-9Mdiol – H] (including its derivate [9MGh – H]) was found to be
compatible with that of [9MSp – H] in the experiment (see the inset of Figure 4.2a). On the other
hand, we did observe that [9MSp – H] was more favorable than [gem-9Mdiol – H] and [9MGh
– H] in the absence of LysNH2. This implies that the branching ratios of [9MSp – H] vs [gem9Mdiol – H] and [9MGh – H] were affected differently by the presence of the competing
nucleophile LysNH2.
(2) C5-LysNH2 addition

We have tried to compute the whole PES at the SMD-B97XD/aug-

cc-pVQZ// SMD-B97XD/6-31+G(d) levels of theory, but single-point calculations for structures
containing LysNH2 were not able to converge using the aug-cc-pVQZ basis set. Therefore, the
PES energetics for the portion of 9MOGOX-LysNH2 cross-linking were calculated at SMDB97XD/6-31+G(d). We have compared the energies for C5-water addition at both SMDB97XD/aug-cc-pVQZ// SMD-B97XD/6-31+G(d) and SMD-B97XD/6-31+G(d), and
compared their results in Figure 4.4(b). The energy shifts between the two sets of calculations are
no more than 19 kJ/mol, and the relatively small energy variations would have no significant
impact on the comparison of the SMD-B97XD/aug-cc-pVQZ//SMD-B97XD/6-31+G(d)calculated C5-water addition PES with the SMD-B97XD/6-31+G(d)-calculated C5-LysNH2
addition PES.
On the basis of a relaxed PES scan along the approaching distance between the C5 of
[9MOGOX – H] and the terminal-N of LysNH2 and, [9MOGOX – H] and LysNH2 first form a
reactant-like electrostatic complex with a binding energy of 34 kJ/mol. The formation of this
complex has no activation barrier. It serves as a precursor for the formation of a covalent complex
[5-LysNH2-9MOG – HN2] at TS4a. TS4a locates 10 kJ/mol above the electrostatic precursor
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complex but 24 kJ/mol below the sum of [9MOGOX – H] + LysNH2. In other words, the C5addition of LysNH2 is barrierless. [5-LysNH2-9MOG – HN2] isomerizes to [5-LysNH-9MOG –
HN2] via a proton transfer from the lysine NH2 to the N7 of 9MOG at TS4b. The latter complex
undergoes a 1,2 shift of the acyl group via TS4c and results in the formation of a spiro product
[5-LysNH-9MSp – HN2] and its more stable structure [5-LysNH-9MSp – HN3].
To look into the reaction surface for the acryl shift in detail and determine if there exist other
stable product structures, a 21  20 grid 2D- PES was generated at the SMD-B97XD/6-31+G(d)
level of theory. In the relaxed 2D-PES scan, the two bond lengths rC5-C6 (the breaking bond of
[5-LysNH-9MOG – HN2]) and rC4-C6 (the new bond formed of [5-LysNH-9MSp – HN2]) varied
from 1.5 to 2.55 Å and from 2.5 to 1.5 Å, respectively, at an interval of 0.05 Å. All of the other
bond lengths and bond angles were optimized at each point of the PES. The contour map is
visualized in Figure 4.4c, in which the changes of electronic energy is depicted. On this PES, there
are two deep potential wells corresponding to [5-LysNH-9MOG – HN2] and [5-LysNH-9MSp –
HN2], respectively; and a saddle point (i.e. TS4c) located at rC5-C6 = 2.15 Å and rC4-C6 = 2.25
Å which leads a intrinsic reaction coordinate from the reactant to the spiro product with an
activation energy 137 kJ/mol above [5-LysNH-9MOG – HN2].
On the basis of the PES analysis, C5-water addition is rate-limited by TS3a (60 kJ/mol above
the sum of [9MOGOX – H] + H2O, whereas the C5-LysNH2 addition is barrierless with respect to
[9MOGOX – H] + LysNH2. Downhill, the interconversion barriers TS4b and TS4c that lead to
spiro [5-LysNH-9MSp – HN2] are all lower in energy than TS3a. The formation of [gem-9Mdiol
– H] is controlled by another rate-limiting barrier TS3d whose activation energy is comparable
to TS3a. The respective rate-limiting reaction barriers for the formation of [9MSP – H], [gem-
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9Mdiol – H] and [5-LysNH-9MSp – HN2] have provided an explanation that at pH 10 the
product branching ratio for LysNH2 cross-linking is nearly a factor of three higher than that of
[9MSp – H] + [gem-9Mdiol – H].
4.3.2.2 PES for pH 7
The PES profile for 9MG + 1O2 + LysNH3+ is summarized in Figure 4.5.

Here only the

differences than that for [9MG – H] + 1O2 + LysNH2 and the kinetics consequences are addressed:
(1) Similar to that of [9MG – H], the stepwise 1O2 addition to neutral 9MG results in the initial
formation of 8-OO9MG (Figure 4.5a). But the rate-limiting barrier (TS1) increases by 22 kJ/mol
than its deprotonated analogous TS1; as a result, 9MG becomes much less reactive with 1O2.
Furthermore, the conversion of the endoperoxide 4,8-OO9MG to hydroperoxide 8-OOH9MG may
be mediated by N1-deprotonation and protonation of a 8-H-8OOH9MG intermediate, the latter
intermediate may not form for [9MG – H].
(2) For C5-water addition, the barriers of TS3a leading to 5-OH9MOG, TS3b leading to 9MSp
and TS3c to gem-9Mdiol are 33, 34 and 64 kJ/mol, respectively, with respect to the 9MOGOX +
H2O. For comparison, their deprotonated counterparts are TS3a, TS3b and TS3c are 60, -16
and -7 kJ/mol with respect to [9MOGOX – H] + H2O. The changes of C5-water reaction barriers
of neutral vs. deprotonated 9MOGOX indicate that the formation of neutral 9MSp becomes less
favorable. Note that, our previous9,38 experiment was able to observe a lower yield for the
formation of 9MSp at pH 7. The complete shutdown of the 9MSp product channel at pH 7 in the
presence of LysNH3+ (see Figure 4.3a) implies that the additional suppression of 9MSp by
LysNH3+. On the other hand, both [9MGh + H]+ and [gem-9Mdiol + H]+ were observed as the
water-addition product in the presence of LysNH3+.
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Figure 4.5 (a, b) Reaction PES for the oxidation of neutral 9MG by 1O2 and the cross-linking of 9MOGOX with protonated LyNH3+.
All structures and energies were calculated at SMD-B97XD/aug-cc-pVQZ//SMD-B97XD/6-31+G(d,p), except for those listed
in parenthesis which were calculated at SMD-B97XD/6-31+G(d,p). Reaction enthalpies included ZPEs and thermal corrections
at 298 K; (c) relaxed 2D PES along the reaction coordinates leading from 5-LysNH2+-9MOG to 5-LysNH2+-9MSp, showing that
5-LysNH2+-9MSp is not a stationary structure on the reaction surface.
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(3) The last yet the most significant difference between 9MG + 1O2 + LysNH3+ and [9MG – H] +
1

O2 + LysNH2 concerns the cross-linking of 9MOGOX with LysNH2. On the basis of the PES

calculations, the cross-linking of 9MOGOX and LysNH3+ produces only 5-LysNH2+-9MOG. We
have attempted to locate a stable spiro product by running a relaxed 2D PES scan along the acylshift reaction coordinates, i.e. rC4-C6 and rC5-C6 of 5-LysNH2+-9MOG, and the results is
depicted in Figure 4.5c. In contrast to the 2D PES of Figure 4.4c for the acyl-shift of [5-LysNH9MOG – H]  [5-LysNH-9MSp – H], 5-LysNH2+-9MOG represents the only stable cross-link
on the PES of Figure 4.5c. The structure of 5-LysNH2+-9MSp is located at a strip of high-lying
energy (> 150 kJ/mol above LysNH2+-9MOG) and descending potential surface. There is no
obvious saddle point which may connect the two structures of 5-LysNH2+-9MOG and 5-LysNH2+9MSp.
The reaction barrier TS4 for 9MOGOX + LysNH3+ is comparable to TS3a and TS3b but lower
than TS3c, the latter is the barrier leading to the formation of gem-9Mdiol. These calculation
results are consistent with the experimental finding that the product branching ration for cross-link
(path 2b) is slightly higher than that for path 2a (gem-9Mdiol + 9MGh, see Figure 4.3a).
4.3.2.3 PESs for the formation of LysNH-2,5-dione
The LysNH-2,5-dione product was not observed in the previous experiments,18,26 and was not
addressed in the PES calculations of Schlegel et al,20 either. To rationalize the formation of this
newly found product, an intrinsic reaction coordinate (IRC) was calculated at the
SMD/B97XD/6-31+G(d) level of theory. To lower the computational cost, the LysNH2 side
chain was modeled by methylamine as in Schlegels work.20,25 The calculation results are
summarized in Figure 4.6.
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Figure 4.6 SMD/B97XD/6-31+G(d)-calculated PESs for the CO elimination of (a) deprotonated [5-MeNH-9MSp – H], (b)
neutral 5-MeNH-9MSp, and (c) protonated [5-MeNH-9MOG + H]+. Energies indicated in the PESs are the reaction enthalpies
and the changes of free energy (after the slash) for the intermediates, transition states and products calculated at 298 K by
including ZPE and thermal corrections.

On the basis of the SMD//B97XD/6-31+G(d) calculation results, the formation pathway for
2,5-dione is pH-dependent. Deprotonated LysN-2,5-dione (m/z 311) was most likely formed via
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CO elimination of deprotonated 5-RNH-[9MSp – H] (where the deprotonation occurs at the N7
of the 9MSp moiety) as illustrated in Figure 4.6a. The ensuing N-[2,3-dihydro-3-methyl-5(methylamino)-2-oxo-4H-imidazol-4-ylidene]-guanidine (in its deprotonated form, abbreviated as
[IMG – H]) was not detected in the experiment, presumably because its imine bond was very
susceptible to hydrolysis. As a consequence, [IMG – H] lost the guanidine group upon hydrolysis
and formed the end product 2,5-dione (m/z 311 in Figure 4.2a). Cadet and his co-workers reported
a similar reaction for the loss of a guanidine group from nucleoside through hydrolysis.21,43
For comparison, we have calculated the PES for the CO elimination of neutral 5-RNH-9MSp
(Figure 4.6b). The resulting reaction pathway is similar to that for 5-RNH-[9MSp – H]. The only
difference is that the neutral 5-RNH-9MSp needs to undergo two successive intra-molecule
hydrogen transfer before the system can eliminate CO.
The above reaction scenario, however, changes significantly when the protonated LysNH3+
participates in the reaction. According to the PES in Figure 4.4b, 5-LysNH2+-9MOG dominated
the cross-linking products at pH 7. As shown in Figure 4.6c, the CO elimination reaction is now
initiated by two successive intramolecular H transfer in 5-MeNH2+-9MOG, i.e., the first H transfer
from 5-NH2 to N1 via [TSHT1 + H]+, and the second H transfer from N7-H to 5-NH via [TSHT2 +
H]+, leading to the formation of 5-MeNH2+-9MOG_HT2. The later eliminates a CO molecule via
[TSCO + H]+. The ensuing protonated [IMG + H]+ is hydrolyzed to give the final product LysNH2+2,5-dione (m/z 313 in Figure 4.3a).44
Note that, despite that all of the reaction PESs in Figure 4.6 involve various activation barriers,
none of these barrier is located above the energy of the starting reactants of 9MG + 1O2 + LysNH2.
We also note that in the PESs of Figure 4.6b and 4.6c, all intramolecular proton transfer were
evaluated without water ligand(s). It is anticipated that in the aqueous solution water molecules
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would facilitate successive intramolecular proton transfer of 9MG and consequently may lower
the proton transfer barriers significantly. Such water-assisted intramolecular proton transfer was
observed in the conversion of 5-OH-9MOG to geom-9Mdiol,20,38 and in the keto-enol
isomerization of 9MG radicals.45 It follows that the formation of LysNH-2,5-dione should be
facile in aqueous solution under all different reaction conditions, which is consistent with product
MS measurements.
4.3.3

Reaction Kinetics

According to the calibration results of effective [1O2] in the reaction solutions in the presence
and the absence of 15 mM LysNH2, 58% of solution-phase 1O2 was physically quenched by
collisions with LysNH2 (mostly likely due to its amide group46). Consequently, the 1O2 oxidation
of 9MG in the presence of LysNH2 appeared to be much slower comparted to that in the pure 9MG
solution. In the following kinetics analysis, the physical quenching of 1O2 by LysNH2 was
corrected for.
The reaction PESs suggest that the oxidation of 9MG and the subsequent cross-linking with
LysNH2 involve multiple steps. Among these steps, the initial addition of 9MG/[9MG – H] + 1O2
 TS1/TS1  8-OO9MG/[8-OO9MG – H] is always the rate-limiting step and their reverse
step may be discounted because the reverse reaction barriers are 46  73 kJ/mol higher than the
forward ones. None of the subsequent reactions (including C5-water addition, C5-LysNH2 crosslinking, and CO elimination of the cross-links) encounter barriers above the starting reactants and
therefore are expected to happen readily. It follows that the oxidation of 9MG in the presence of
LysNH2 at pH 7 and 10 may still be treated as a first-order consecutive reactions, as it was in the
absence of LysNH2.38 The overall kinetics for [9MG – H] + 1O2 + LysNH2 may be described by
Eq. (2) and its integrated form Eq. (3)

68

d
dt

ln 9

=

9

(2)

[1O2]

%
9MG

= ln

9

+ 9

+ 9

9

H
9

= ‐k  [1O2

9

‐

(3)

where [9MG  H]t, [9MGhOX  H]t, [9MGh  H]t, [9MOG  H]t, [9MSp  H]t, [gem-9Mdiol
 H]t, and [cross-links]t are the concentrations of the reactant, the individual 9MG oxidation
products, and the sum of 9MG-LysNH2 cross-links and derivatives. [9MG – H]t% is the
abundance of the remaining reactant ion at reaction time t, and was measured by monitoring its
absorption change at 269 nm during the reaction. As shown in Fig. 2c, the plot of ln [9MG – H]
t%

vs.

fits into a linear relationship, and a value of 3.6  107 M-1·s-1 was extracted for k.

The rate constants for individual reaction pathways may be estimated from the final product
branching ratios, that is 1.7  107 M-1·s-1 for path 1 ( = [9MGhOX  H] + [9MOG  H]), 0.5  107
M-1·s-1 for path 2a ( = [9MGh  H] + [9MSp  H] + [gem-9Mdiol  H] 9MGh + gem-9Mdiol),
and 1.4  107 M-1·s-1 for path 2b (cross-linking).
The same first-order kinetics was used to analyze the reaction at pH 7. As mentioned above,
the reaction rate decreased dramatically at pH 7, and no obvious bleaching of 9MG was observed
in the UV-Vis absorption spectra. We therefore chose to determine the rate constants on the basis
of the relative ion abundances of products and remaining reactant in the product MS. The decay
of reaction ion abundance throughout the reaction course was shown in Figure 4.3c, from which
the reaction rate constant was determined to be 0.3  10-7 M-1s-1. The rate constants for individual
product channels are is 0.02  107 M-1·s-1 for path 1, 0.07  107 M-1·s-1 for path 2a, 0.09  107 M·s for path 2b, and 0.12  107 M-1·s-1 for m/z 201.

1 -1
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Table 4.1 Experimental reaction rate constants and product branching ratios
pH

a

Rate constant (M-1·s-1) a

Product branching ratio a

9MG + 1O2

9MG + 1O2 + LysNH2

9MG + 1O2

9MG + 1O2 + LysNH2

10

4.6 × 107

3.6 × 107

9MSp : (gem-9Mdiol + 9MGh) :
9MOG + 9MGhox)
= 0.72 : 0.09 : 0.19

9MSp : (gem-9Mdiol + 9MGh) :
(9MOG + 9MGhox) : 5-LysNH9MSp = 0.07 : 0.06 : 0.40 : 0.47

7

0.12 × 107

0.3 × 107

9MSp : (gem-9Mdiol + 9MGh) :
9MGhox
= 0.45 :0.33 : 0.22

9MSp : (gem-9Mdiol + 9MGh) :
9MGhox : 5-LysNH-9MSp
= 0 : 0.37 : 0.14 : 0.49

Measured at the end of reactions. m/z 201 was not included in calculating the branching ratios at pH 7.

4.4

Conclusion
The reactions of 1O2 with 9MG and the cross-linking of the 9MOGOX intermediate with

nucleophilic LysNH2 were investigated in aqueous solution of pH 7 and 10. Online ESI mass
spectrometric and UV-Vis absorption were utilized to measure reaction kinetics and product
profiles and branching ratios. Product structures were characterized using CID MS/MS, and their
reaction mechanisms and reaction energy surfaces were explored using a combination of SMDB97XD/aug-cc-pVQZ and SMD-B97XD/6-31+G(d,p) levels of theory. Combined with our
previous investigation on the pH dependent 1O2 oxidation of pure 9MG in aqueous solution,38 we
were able to track the evolution of 9MG oxidation kinetics in the presence of two different
nucleophiles water and LysNH2. Both 1O2 oxidation of 9MG and C5-water addition and C5-crosslinking of 9MOGOX with LysNH2 have shown to depend on pH of the medium. All of the reactions
have presented first-order kinetics in terms of 9MG decay. It was found that, after correcting for
the physical quenching of 1O2 by LysNH2, the overall rate constants in the presence vs. the absence
of the C5-LysNH2 cross-linking are comparable. The 9MG oxidation rate constants are 4.6  107
M-1s-1 at pH 10 and 0.12  107 M-1s-1 at pH 7 for pure 9MG vs 3.6  107 M-1s-1 at pH 10 and 0.3 
107 M-1s-1 at pH 7 for 9MG + LysNH2. The fact that, within the combined experimental
uncertainties, the overall rate constants remain nearly constant regardless of 9MG-LysNH2 cross70

linking is consistent with our interpretation of the reactions PESs. That is the initial 1O2 addition
to 9MG remains as the rate-limiting under all different reaction conditions.
Table 4.1 summarized the rate constants and product branching ratios for various reaction
systems and conditions. It is informative to investigate the influence of cross-linking on product
branching ratios. The most dramatic change is the product ratio of 9MSp, which is 0.72 in the
absence of LysNH2 vs 0.06 in the presence of LysNH2 at pH 10, and 0.45 without LysNH2 vs 0.0
with Ly NH2 at pH 7. Such contrasting branching ratios reflect the direct competition between
the formation of 9MSp and 5-LysNH2-9MSp. On the other hand, the formation of gem-9Mdiol
and 9MGh was not affected at all at both pH 7 and 10. Its product branching ratio has remained
at 0.07  0.09 at pH 10 and 0.33 at pH 7 albeit that the formation of gem-9Mdiol and 9MGh needs
the intermediacy of 5-OH9MOG and thus would have been expected to decrease in the presence
of another nucleophile. The changes of 9MOG and 9MGhOX yields in the presence of LysNH2
appear to be irregular, increasing from 0.19 to 0.44 at pH 10 but decreasing from 0.22 to 0.14 at
pH 7.0. Finally, m/z 201 maintains a relative high yield in the pH 7 product, accounting for 25%
of the total products in the reaction of 9MG and 40% in that of 9MG + LysNH2. These results,
combined with our previous work of measuring 9MG oxidation without the participation of
LysNH2, have provided a quantitative picture of the formation, structures and transformation of
the C5-water and C5-lysine adducts during the 1O2 oxidation of guanosine.
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Chapter 5
Reaction Kinetics, Collision-Induced Dissociation of 9Methylguanine1-Methylcytosine Base Pair Radical Cation and Its
Monohydrate: Mass Spectrometry and Computational Investigation

5.1

Introduction
Pairing guanine with cytosine in double-stranded (ds) DNA further decreases guanine

oxidation potential1,2 and AIE (by 0.75  0.78 eV)3,4 in the meantime raises cytosine AIE (by 0.58
eV),5 forcing radical cations (holes) initially formed on other nucleobases to migrate through
duplex and eventually leading to the more stable G+.6,7 Within ds-DNA, where G+ is stabilized
through base stacking and base pairing which limit its ability to lose a proton, i.e., the N1-proton
(pKa 3.9)8 of G+ is shared with the N3 (pKa 4.3)9 of cytosine, with an equilibrium for G+C ⇌ [G
– H][C + H]+. This fact implies that guaninecytosine base pair radical cation [GC]+ may be
used as a model system to more closely mimic the local environment of nucleobases within DNA
and to examine G+ structure and reactivity therein.6
Here we report a CID investigation of [9MG1MC]+ (where 1MC stands for 1methylcytosine). 9MG and 1MC were chosen as prototype substrates of deoxyguanosine (dG) and
deoxycytidine (dC) as their methyl groups mimic the attachment of a sugar group to dG and dC.
It was reported that [dGdC]•+ maintains a Waston-Crick structure in the gas phase. Following that
result, we have proposed two structures for [9MG1MC]•+ in Scheme 5.1: one is conventional
9MG•+1MC and the other is proton-transferred [9MG – H][1MC + H]+.3,10-16 On the basis of our
calculations to be discussed below, the conventional conformer 9MG+1MC has a dominating
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Scheme 5.1 Stable conformers of the [9MG1MC]+ radical cation and their intra-base pair proton transfer. The structure in the
top presents the standard numbering scheme for Waston-Crick base pair and possible proton transfer pathways PT1, PT2 and HT4.
Dashed lines indicate H-bonds. Relative energies (eV, with respect to global minimum), and orbitals (contour plots) and energies
of HOMO, HDMO and SOMO were evaluated at the B97XD/6-311++G(d,p) level of theory.

population (88%) in the gas phase. A unique feature of this conformer concerns its non-Aufbau
behavior17 that its SOMO (singly occupied MO, located at 9MG) lays below its HOMO (centered
at 1MC),14 as illustrated in Scheme 5.1. Interestingly, a normal SOMO-HDMO (the highest
doubly occupied MO) order is restored in [9MG – H] [1MC + H]+. Even more interesting is that
monohydrated [9MG – H] [1MC + H] +_W (with a water attached to 1MC) becomes a dominating
structure with a population of 55%. 9MG+1MC and [9MG – H][1MC + H]+_W will thus allow
for pursuing control experiments to compare the CID dynamics of inverted and regular MO
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configurations, to examine the effects of spin-charge separation in [9MG – H][1MC + H]+_W,
and to determine how an explicit water ligand may affect reaction dynamics. Besides, the studies
of base pair radical cations will help better understand the effects of proton-assisted electrontransfer in ds-DNA,18-24, radiation damage of DNA,25-27 and developing DNA-templated
nanowires and tailoring charge transfer dynamics along DNA double helix.28
In the present work, CID of [9MG·1MC_W0,1]+ was carried out with Ar and Xe, respectively,
by utilizing guided-ion beam tandem mass spectrometry. CID product ion mass spectra were
monitored to reveal various dissociation pathways, and CID product cross sections were measured
at different collision energies (Ecol) to determine individual dissociation threshold energies.
Augmented by extensive electronic structure calculations and reaction potential energy surfaces
(PESs) exploration, detailed information was obtained into intra-base pair proton transfer and
dissociation of guaninecytosine base pair radical cation and effects of explicit hydration.
5.2

Experimental and Theoretical Methods

5.2.1 CID Tandem Mass Spectrometry
CID of base pair radical cations was carried out on a home-built tandem mass spectrometer.
[9MG1MC]+ was generated by ESI of a mixture of 9MG, 1MC and Cu(NO3)2.15 A sample
solution was prepared in HPLC grade methanol/water (v : v = 3:1) containing 0.25 mM 9MG
(Chemodex, > 98%), 0.25 mM 1MC (Enamine, 95%) and 0.25 mM Cu(NO3)2 (Alfa Aesar, >
99.999%). The solution was sprayed into the ambient atmosphere through an electrospray needle
at the flow rate of 0.06 mL/h. The electrospray needle was held at 2.35 kV relative to the ground
for producing positively charged species. The capillary was biased at 94 V and heated to 206 ºC
to maximize desired ion intensities. Liquid aerosols underwent desolvation as they passed through
the capillary, converting to a mixture of gas-phase doubly charged copper(II)-nucleobase
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complexes [CuII(9MG)n(1MC)4-n]2+.15 The electrical field between the capillary and the skimmer
prompted CID of [CuII(9MG)n(1MC)4-n]2+ with background gas within the chamber, of which
[9MG1MC]+ was formed via redox charge separation followed by dissociation due to Coulombic
repulsion within the complex. Monohydrated [9MG1MC]+_W was generated in a similar way
as [9MG1MC]+ except that the ESI solution for generating [9MG1MC]+_W was prepared in
methanol/water (v : v = 2 : 1), the desolvation capillary was heated to 155 C, and the skimmer
was biased at 13.7 V. Radical cations were passed into the hexapole, first quadrupole and then
octople. The octopole was surrounded by a 10-cm scattering cell which was filled with Xe gas
(Spectral Gases, 99.995%). The cell pressure was controlled in the range of 0.01  0.02 mTorr
using a leak valve and monitored using a MKS Baratron capacitance manometer. Under these
conditions, base pair radical cations underwent at most a single collision with the Xe gas.
Ion beam intensities were 6.0 × 104 for [9MG·1MC]•+ and 1.4 × 104 for [9MG1MC_W]+.
Initial kinetic energy of ion beam was set to 0.8 eV and the energy spreads were 0.7 eV. CID cross
sections were calculated from the ratios of reactant and product ion intensities, the Xe pressure in
the scattering cell and the effective length of the scattering cell. The entire experiment was
repeated several times and the relative error of CID cross sections was estimated to be ~ 10% on
the basis of the reproducibility of the measurements.
5.2.2

Electronic Structure Calculations

Conformers of [9MG1MC]+

OHair and co-workers15 have reported a combined

experimental and computational study of various conformations of [dGdC]+ in the gas phase.
Using the results of [dGdC]+ as a guide, the conformations of [9MG1MC]+ were fully screened
at the B97XD/6-311++G(d,p) level of theory using Gaussian 09.29 The B97XD30 method was
chosen because it mitigates self-interaction errors and improves the orbital descriptions of ionized
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states.14 The basis set superposition error (BSSE) was considered in our calculations. A maximum
BSSE of 0.05 eV was found at B97XD/6-311++G(d,p) which has no influence on the order of
stability of various [9MG1MC]+ conformers.

Figure 5.1 Stable conformers of [9MG1MC]+ base pair radical cation. Dashed lines indicate H-bonds. Relative enthalpies
(eV, with respect to global minimum) and thermal populations (in parentheses) were calculated at the B97XD/6-311++G(d,p)
level of theory, including thermal corrections at 298 K.

A total of 14 tautomers/rotamers were identified for gas-phase [9MG1MC]+, involving intrabase pair proton-transferred, keto-enol isomerization and different intra-base pair H-binding motifs.
Their structures and relative enthalpies relative to the global minimum are summarized in Figure
5.1. The global minimum conformer [9MG·1MC]+_1 has the conventional Watson-Crick basepairing and a population of 88%. The second lowest-energy conformer [9MG·1MC]+_2 belongs
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to a proton-transferred structure where the proton is transferred from the N1 of 9MG+ to the N3
of 1MC (and thus is the equivalent of a proton-transferred structure of [9MG·1MC]+_1 and
referred to as 1_PT1 in the figure).

[9MG·1MC]+_2 lies in energy 0.05 eV higher than

[9MG·1MC]+_1 eV and account for the remaining 12% population of [9MG1MC]+. All of the
rest conformer have relative energies in the range of 0.39  1.51 eV and thus were not considered
further. Note that, intra-base hydrogen transfer pathway HT4 was found in [9MG·1MC]+_9 (or
1_HT4).

HT4 was barely examined before but may cause the formation of protonated 9MG

during high-energy collisional activation as to be discussed below.

Figure 5.2 Stable conformers of monohydrated [9MG1MC_W]+ base pair radical cation. Dashed lines indicate H-bonds.
Relative enthalpies (eV, with respect to global minimum), hydration energy (eV) and thermal populations (in parentheses) were
calculated at the B97XD/6-311++G(d,p) level of theory, including thermal corrections at 298 K.

Conformers of monohydrated [9MG1MC_W]+ (W = H2O)

The initial geometries of the

monohydrated base pair radical cation were obtained by adding a water molecule to the the first
two lowest-energy structures of the dry base pair (i.e. [9MG·1MC]+_1 and [9MG+·1MC] +_2)
and then optimizing the structures at B97XD/6-311++G(d,p). Different hydrogen-bonding sites
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and orientations of the water ligand were considered in the calculations. The converged structures
are reported in Figure 5.2.
It was reported that the hydration of base pair radical cations is mostly attributed to a chargedipole interaction and the interaction of water near cytosine can yield comparable hydration energy
to that near guanine on the basis of electrostatic potential computation.4 As a result, the most
stable monohydrate [9MG·1MC_W]+_1 has a water molecule binding to the HN4 of 1MC and
makes up 55% of the total population.31 Interestingly, [9MG·1MC_W]+_ 1 corresponds to a
proton-transferred

base

pair

structure,

and

its

conventional

structure

counterpart

[9MG·1MC_W]+_2 becomes the second most stable monohydrate with a population of 22%. The
influence of hydration on intra-base pair proton transfer of unsubstituted 9HG1HC+ base pair
radical cation was reported before in the presence of 614,32 and 1114,32,33 water molecules,
respectively; in which the [9HG – H][1HC + H]+ conformer becomes more stable than
9HG+1HC when it interacts with a total of 11 surrounding waters which mimics the first hydration
shell. The fact that, as reported in the present work and in Steenken and Rynisson et als,31 the
relative stability of the conventional vs. proton-transferred structures of [9MG·1MC]+ was
reversed even with a single water ligand demonstrates a more profound influence of
mircohydration on intra-base pair proton transfer of [9MG·1MC]+ than free [9HG·1HC]+.
Reaction PESs

The lowest-energy structures of 9MG+1MC, [9MG – H][1MC + H]+,

9MG+1MC_W and [9MG – H][1MC + H]+_W were used in the reaction PES calculations.
Structure of all reactants, dissociation products, and the transition states (TSs) were optimized at
B97XD/6-311++G(d,p). All TSs were verified as first-order saddle points, and the vibrational
mode associated with an imaginary frequency corresponds to the anticipated reaction pathway.
Intrinsic reaction coordinate (IRC) calculations were also carried out to substantiate
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reactant/product minima connected through the TSs.
The electronic energies of the B97XD/6-311++G(d,p)-optimized structures were
recalculated using a larger basis set and another DFT level including B97XD/aug-cc-PVQZ and
B3LYP/aug-cc-PVQZ. To prevent any skepticism that could be raised from DFT calculations, the
resolution of identity Møller-Plesset procedure (RI-MP2)/aug-cc-pVTZ was exploited to provide
accurate description of H-bonds.34,35 Finally, the domain based local pair-natural orbital coupledcluster method with single-, double- and perturbative triple excitations DLPNO-CCSD(T)/aug-ccpVTZ was used to further assess and improve the accuracy of energy analysis for base-pair
interactions.36 All single point RI-MP2 and DLPNO-CCSD(T) calculations were accomplished
using ORCA 4.0.1.37 Total energy reported at each level of theory is the summation of the
electronic energy calculated at the specified level, and the 298 K thermal correction calculated at
B97XD/6-311++G(d,p) of which the

B97XD zero point energies (ZPEs) were scaled by

factor of 0.975.38
5.3

Results and Discussion

5.3.1

CID Products and Cross Sections

[9MG1MC]+

We started by first measuring the CID of [9MG·1MC]+ with Xe gas over a

wide Ecol range of 0.1  6.5 eV. Figure 5.3a shows a representative CID product ion mass spectrum
of [9MG·1MC]+ recorded at Ecol = 3.0 eV. Product ions of 9MG+ were observed at m/z 165, and
those of protonated [1MC + H]+ were observed at m/z 126.

The detection of both 9MG+ and

[1MC + H]+ fragment ions in the CID confirms that gas-phase [9MG·1MC]+ exists as a mixture
of the conventional 9MG+·1MC and the proton-transferred [9MG – H]·[1MC + H]+ conformers.
The B97XD/6-311++G(d,p)-calculated intra-base pair proton transfer and dissociation energies
are as follows:
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9MG+·1MC 

[9MG – HN1] ·[1MC + HN3]+

PT1

∆H = 0.10 eV (1)

9MG+·1MC + Xe  9MG+ + 1MC

∆H = 2.00 eV (2)

[9MG – HN1]·[1MC + HN3]+ + Xe  [9MG – HN1] + [1MC + HN3]+

∆H = 2.05 eV (3)

Figure 5.3 CID results of [9MG1MC]+ + Xe. (a) CID mass spectrum measure at Ecol = 3.0 eV, (b) product ion branching ratios
as a function of Ecol, and product cross sections for (c) 9MG+ and (d) [1MC + H]+ where points are experimental data and black
curves are fits as discussed in the text.

In order to examine the relationship between the two CID product channels, the branching
ration of [1MC + H]+/9MG+ (i.e. CID products of the proton-transferred conformer/ CID products
of the conventional conformer) was calculated as a function of collision energy and plotted in
Figure 5.3b. The dashed line plotted in Figure 5.3b indicates the statistical product branching
ratio estimated from the equilibrium constant K = 0.46 for 9MG+·1MC ⇌ [9MG – H]·[1MC +
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H]+. The experimental product branching ratio varies from 12 at low Ecol = 2.0 eV to 1.2 at 6.0 eV,
in neither case being close to the statistical value of 0.46. The astonishing deviation between the
experimental and statistical-predicted product branching ratios confirms that [9MG1MC]+ base
pair radical cations indeed bear non-statistical dissociation chemistry as deprotonated [9MG1MC
 H].
Figure 5.3c and d present the product ion cross sections of 9MG+ and [1MC + H]+ where error
bars were determined on the basis of 3  4 sets of experimental data. The cross sections of both
product channels increase with Ecol, and show a sign of leveling off at high Ecol. The long range
interaction between base pair and inert gas is negligible, thus their maximum collision cross section
can be reasonably estimated by their hard-sphere collision cross section (HS ≈ 130 Å2 for
[9MG1MC]+ + Xe and 120 Å2 for [9MG1MC]+ + Ar). At sufficiently high energies, every
collision would be expected to result in dissociation; therefore, the total CID cross section should
approach HS and becomes independent of Ecol. The fact that the sum of 9MG+ and [1MC + H]+
cross sections (not shown here) indeed approaches HS at 5.0 eV and levels off afterwards confirms
that we were able to capture nearly all product ions in the experimental range of Ecol.
Note that, due to the energy spreads of Ecol in the ion beam experiment and the reactant thermal
energies, product CID cross sections rise from zero before the true dissociation thresholds (E0).
To extract true E0 values, the Ecol dependence of cross sections was fit using a true (E) function
generated from a modified line-of-centers (LOC) model and including the contributions from
reactant vibrational (Evib) and rotational (Erot) energies,39-41
(4)
for (Ecol + Evib + Erot) > E0; otherwise, (E) = 0. Here 0 is an energy-independent normalization
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constant, and n is a fitting parameter used to adjust the slope of (Ecol). The key assumption is
that at near-threshold collision energies, at least some of the collisions are completely inelastic and
all Ecol is converted to internal energy to drive CID. This assumption has been verified in threshold
CID measurements for a wide variety of ions40 and [GC – H] base pair.42
To fit experimental data, (E) was convoluted with experimental broadening/distributions of
ion beam and target gas velocities and ion Evib and Erot. The fitting was done using the program
of Anderson et al.43 For Xe atoms, a Maxwell-Boltzmann distribution of velocities at 300 K was
used.

For [9MG1MC]+ ion beam, we used experimentally measured energy spread (an

asymmetric Lorentzian distribution) of Ecol and assumed a Maxwell-Boltzmann distribution of Erot
at 310 K. Evib of [9MG1MC]+ was sampled using the following probability distribution,
/

_

exp

_

exp

(5)
.

where Evib_peak is the most probable vibrational energy of the Boltzmann distribution by summing
over the partition function. (E) was run through a Monte Carlo simulation that included all
experimental broadening factors. For each Ecol, the simulation sampled 100,000 ion-molecule
collisions, thereby building up a simulated cross section for direct comparison with the ion-beam
experiment. The rising curvature and the overall profile of (E) depend mostly on E0. A levelingoff collision energy was used in the fitting so that the simulated (E) would not exceed HS at high
Ecol. Due to the large number of vibrational models in [9MG1MC]+, kinetic shifts in the nearthreshold collisions was expected in that Ecol in excess of the dissociation limit was required to
drive CID on the experimental time scale (~500 s).44 Therefore RRKM45 model we used in the
fitting to decide whether each sample led to detectable dissociation or not.
The black plots in Figure 5.3a and b show the convoluted (E) for the two CID channels of
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[9MG1MC]+ + Xe, with the fit E0 indicated by arrows. The best fit E0 is 2.0 eV for [9MG1MC]+
 9MG+ + 1MC and 2.1 eV for [9MG1MC]+  [9MG – H] + [1MC + H]+. In both fitting, n
= 2.0 was required to reproduce the experimental data. The physical significance of an n parameter
greater than 1 depends on the CID mechanism. Levine and Bernstein39 have shown that, under a
LOC-based model, an orientation-dependent activation barrier results in a quadratic (n = 2)
threshold law for endoergic reactions. For CID of a planar base pair structure, the dissociation
energy is clearly not angle-dependent, but it would not be surprising if the collisional activation
process was indeed anisotropic (e.g. the collision towards the H-bonding grove might be most
effective), resulting in an angle-dependent CID probability and n = 2.
For the [1MC + H] + channel, the fit is reasonable up to 3.0 eV, after that the fitting deviates
from the experimental cross section which may be explained by competition between two
dissociation channels. This is consistent with the observation that the cross section for 9MG+
continues to increase till 5 eV. The inter-channel competition is more clearly demonstrated in the
Ecol dependence of the product branching in Figure 5.3b, albeit that the absolute cross section of
9MG+ is still lower than that of [1MC + H]+ at high Ecol.
We have also examined the CID of [9MG·1MC]+ with Ar gas over an Ecol range of 0.1  6.0
eV. Figure 5.4 presents the cross sections of 9MG+ and [1MC + H]+ resulting from the collision
with Ar, as well as the product branching ratios. Similar to what was observed in the CID with
Xe, the CID products with Ar are dominated by [1MC + H]+. Particularly, the product branching
ratio [1MC + H]+/9MG+ in the CID of [9MG·1MC]+ + Ar is a factor of 2 higher than that in the
CID of [9MG·1MC]+ + Xe (compared at the same Ecol). This demonstrates an even more
remarkable non-statistical collisions with Ar. Note that CID tends to produce a large fraction of
sideway-scattered product ions. Compared to the collisions with Xe at the same Ecol, the average
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speed of the sideway-scattered product ions increased in the collisions with Ar, such that they
became difficult to collect.41 Thus the Ar CID products became more difficult to collect and their
cross sections are scattered and have relatively larger uncertainty. Because our primary interest is
in comparing threshold behaviors for the different rare gases, we generated a consistent set of fits

Figure 5.4 CID results of [9MG1MC]+ + Ar. (a) Product ion branching ratios as a function of Ecol, and product cross sections
for (b) 9MG+ and (c) [1MC + H]+ where points are experimental data and black curves are fits as discussed in the text.

by fixing the n parameter at the value of 2.0 that gave best fits for Xe, leaving E0 as the only
adjustable parameter. The resulting E0 values should be considered as the appearance energies
for product ions, corrected for experimental broadening. The fitting of Ar cross sections was based
on how best they matched the near threshold experimental data, and best fit E0 is 2.6 eV for both
9MG+ and [1MC + H]+. Note that the appearance energies of 9MG+ and [1MC + H]+ in the Ar
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collisions are 0. 5  0.6 eV higher than those in the Xe collisions. The rationale is that translationalto-internal energy transfer (T  Einternal) in the Ar collisions is much less efficient. In other words,
there are no collisions with 100% T  Einternal near the threshold. It was reported before that Ar
and Ne are inefficient colliders than Xe and Ar, and Ar and Ne CID is often not observed until Ecol
far exceeds the asymptotic dissociation product energy.46
Also note that at high Ecol there is a glaring discrepancy between the LOC fit and the
experimental cross section of [1MC + H]+ in Figure 5.4c. That might be taken as evidence of both
the failure of the LOC model for high energy Ar collisions and an experimental artifact due to the
difficulty in collecting high-speed sideways-scattered product ions, even using an ion guide. The
Ar CID products carried larger recoil velocities, thus the onset of the collection efficiency problem
occurs at lower collision energy than in the Xe CID.
[9MG1MC_W]+

A representative CID product ion mass spectrum of [9MG·1MC_W]+ + Xe,

measured at Ecol = 4.0 eV, is shown in Figure 5.5. A total of six CID product ions were found.
Their assignments and possible reaction pathways are listed below, of which m/z 228 corresponds
to a doubly charged dimer formed by [9MG + H]+ and [9MG·1MC]•+ (i.e. reaction 11). The heat
of formation for reactions (6 -10) was calculated with respect to the global minimum
9MG+1MC_W and using the B97XD/6-311++G(d,p) level of theory
[9MG·1MC]+_W + Xe

→

9MG+·1MC (m/z 290) + H2O

∆H = 0.41 eV (6a)

[9MG – H]·[1MC + H]+ (m/z 290) + H2O

∆H = 0.53 eV (6b)

9MG+ (m/z 165) + 1MC + H2O

∆H = 2.41 eV (7)

[9MG + HO6]+ (m/z 166) + [1MC – HN4] + H2O

∆H = 3.83 eV (8)

[1MC + HN3]+ (m/z 126) + [9MG – HN1] + H2O

∆H = 2.46 eV (9)
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[9MG·1HC]+ (m/z 276) + MeOH

∆H = 0.90 eV (10a)

[9HG·1MC]+ (m/z 276) + MeOH

∆H = 1.01 eV (10b)

[9MG + H]+ + [9MG·1MC]+ → [9MG + H]+[9MG·1MC]+ (m/z 228)

(11)

Figure 5.5 CID mass spectrum of [9MG1MC_W]+ + Xe measure at Ecol = 4.0 eV.

Figure 5.6 depicts the individual product cross sections for the aforementioned six product
channels. Among these products, the formation of [9MG·1MC]+ by elimination of the water
ligand dominates at all energies. [9MG·1HC]+ and/or [9HG·1MC]+ are formed by elimination
of a methanol molecule of [9MG·1MC_W]+. Note that the cross sections of [9MG·1MC]+ and
[9HG·1MC]+/[9MG·1HC]+ demonstrate matching Ecol dependence. The cross sections of both
product channels increase with Ecol, leveling off in the range of 2.0  3.5 eV before their falling at
high Ecol. The identical collision energy dependence implying that these product channels may
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share the same rate-limiting step or mediated by a common intermediate. The cross sections of
9MG•+ and [9MG + H]+ are comparable and both increase with Ecol. The formation of [9MG +
H]+ represents a minor channel in the whole Ecol range. Finally, as we could expect for a secondary
reaction (10), the cross section of [9MG + H]+[9MG·1MC]+ reflects the combined Ecol
dependence of [9MG·1MC]+ and [9MG + H]+.

Figure 5.6 Individual CID product ion cross sections in the collisions of [9MG1MC_W]+ with Xe.

Interestingly, the collisions of [9MG·1MC_W]+ with Ar gas in a similar range of Ecol only
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produced the product ions of [9MG·1MC]•+ (major, 90%) and [9MG + H]+[9MG·1MC]•+ (minor,
10%). This reinforces the conclusion that Ar collisions are much less efficient than Xe.
5.3.2 PESs for Intra-Base Pair Proton Transfer/Hydrogen Transfer, Dissociation and
Chemical Reactions

Figure 5.7 Schematic reaction coordinates for intra-base-pair proton transfer/hydrogen transfer and dissociation of
[9MG1MC]+. Contour plots on GaussView structures illustrate spin densities. Energies were calculated at various levels of
theory as indicated, including thermal corrections at 298 K. Based on B97XD/6-311++G(d,p) optimized geometries.

[9MG·1MC]+

Figure 5.7 shows the PES for the reactions of [9MG·1MC]•+, including

intra-base pair proton transfer and hydrogen transfer (PT1 and HT4) and the dissociation of
different base-pair structures (9MG+·1MC, [9MG – HN1]·[1MC + HN3]+ and [9MG +
HO6]+·[1MC  HN4]). The energies of the three conformers and their interconversion barrier as
well as their dissociation thresholds are the most important quantities for examining the interplay
of intra-base pair proton (or hydrogen) transfer and dissociation. Therefore these values were
90

calculated at different levels of theory and with a range of basis sets. The results are compared in
the figure. There is an overall good agreement between the energies calculated using different
methods, except that for [9MG + HO6]+·[1MC  HN4] the RI-MP2 and DLPNO-CCSD(T) energies
were suspiciously higher than the other levels.

The B97XD/6-311++G(d,p)-calculated

dissociation energies of 9MG+·1MC, [9MG – HN1]·[1MC + HN3]+ are in the best agreement with
the threshold energy measured in the Xe CID, with an accuracy estimated to be within 0.1 eV. For
consistency, we used B97XD/6-311++G(d,p) energies in the kinetics analyses.
According to the calculated electron spin density contours for 9MG+·1MC, [9MG –
HN1]·[1MC + HN3]+ and [9MG + HO6]+·[1MC  HN4], the unpaired electron of 9MG+·1MC and
[9MG – HN1]·[1MC + HN3]+ is delocalized among the N3, C5 and C8 of 9MG, whereas that of
[9MG + HO6]+·[1MC  HN4] is localized on the O6 of 1MC. We have attempted to locate
TS_HT4 that leads from 9MG+·1MC to [9MG + HN6]+·[1MC  HN4] ; however, the starting
transition state structure converged to that of TS_PT1 (the barrier height for TS_HT4 in the figure
was estimated from a relaxed PES scan along the HT4 reaction coordinate). Besides, the
formation energy of [9MG + HO6]+·[1MC  HN4] as well as its dissociation energy to [9MG +
HO6]+ + [1MC  HN4] are ~1.3 eV higher than those of 9MG+·1MC and [9MG – HN1]·[1MC +
HN3]+, rendering this base pair structure being insignificant in the formation and dissociation of
[9MG·1MC]+ in the gas phase. This is consistent with the experiment where there was no m/z
166 product ions observed in CID mass spectra.
All calculations have shown that 9MG+·1MC is slightly more stable than [9MG – HN1]·[1MC
+ HN3]+, and its dissociation threshold is the same as that of [9MG – HN1]·[1MC + HN3]+. RRKM
calculations were performed for [9MG·1MC]•+. It tells that PT structure is becoming more
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favorable with increasing of Ecol, but the maximum KPT (appears at the highest Ecol) is less than 2.
Following the RRKM prediction, one may therefore expect approximately 1 : 1.2 product
branching ratios for 9MG+/[1MC + H]+ in the low-Ecol CID products, changing to 1 : 1.9 in the
high-Ecol CID products |. However, this is in contrary to the experimental results that the [1MC +
HN3]+ ions generated from [9MG – HN1]·[1MC + HN3]+ dominated the CID mass spectra at all
energies.

As we addressed in Scheme 5.1, intra-base pair proton transfer causes SOMO-to-

HOMO switching14,17 of [9MG·1MC]+. In the conventional 9MG•+·1MC structure, SOMO is
located on 9MG and is lower in energy than HOMO located on 1MC; in the proton-transferred
[9MG – HN1]•·[1MC + HN3]+, the SOMO on 9MG becomes the highest occupied orbital and the
HDMO (highest doubly occupied orbital) on 1MC shifts to an energy below the SOMO. The
experimental finding and theoretical results thus suggest that [9MG·1MC]+ prefers a normal
SOMO-HDMO scheme of [9MG – HN1]·[1MC + HN3]+ in collisional activation despite that this
structure is slightly less stable.
The product branching ratio of [1MC + H]+/9MG+ rises up to 12 in Xe CID (and 25 in Ar) at
Ecol = 0.5 eV and slowly decreases to 1.5 for Xe (and 4 for Ar) at 6.0 eV. The decrease of [1MC
+ H]+/9MG+ with increasing Ecol could be explained as follows. At low Ecol, the collisional time
scale is sufficiently long to allow for adequate intra-base pair proton transfer and formation of
more [9MG – HN1]·[1MC + HN3]+; and our direct dynamics simulations of deprotonated G[C –
H] vs. [G – H]C_PT have suggested that the proton-transferred base pair structure tends to have
a dissociate more quickly than the conventional structure.47 With increasing of Ecol, collisions
become more direct and short-lived, making proton transfer inadequate during collisional
activation.
[9MG·1MC_W]+

Figure 5.8 summarized all possible pathways for intra-base pair proton
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transfer, intra-base pair hydrogen transfer reactions, base pair dissociation and chemical reactions
of [9MG·1MC_W]+, originating from the two lowest-energy monohydrates (i.e. the conventional
structure 9MG+·1MC_W and the proton-transferred [9MG – H]·[1MC + H]+_W). The bold
labeled product ions in the figure represent those that were detected in the CID experiment.

Figure 5.8 Schematic reaction coordinates for intra-base-pair proton transfer/hydrogen transfer and dissociation of
[9MG1MC_W]+. Contour plots on GaussView structures illustrate spin densities. Bolded species were observed in the
experiment. Energies were calculated at various levels of theory (see the description in Figure 5.7), including thermal corrections
at 298 K. Based on B97XD/6-311++G(d,p) optimized geometries.
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The reactions presented in Figure 5.8a and b include the interconversions of 9MG+·1MC_W
⇌ [9MG – HN1]·[1MC + HN3]+_W via intra-base pair PT1 and of 9MG+·1MC_W ⇌ [9MG –
HO6]·[1MC + HN4]+_W via intra-base pair HT4, the dissociation of base pair monohydrates to
9MG+, [9MG + H]+ and [1MC + H]+ , and the water elimination of 9MG+·1MC_W and [9MG –
H]·[1MC + H]+_W. Among these, the water elimination represents the most energetically
favorable CID pathway, as verify by the cross section measurement of Figure 5.6. The intra-base
pair PT1, HT4 and formation of 9MG+, [9MG + H]+ and [1MC + H]+ are the analogous of the
reactions of dry 9MG+·1MC and [9MG – H]·[1MC + H]+ in Figure 5.7. Their major difference
is that the otherwise forbidden intra-base pair HT4 became feasible in the monohydrate, as its
signature fragment ion [9MG + H]+ (m/z 166) was indeed captured in the CID mass spectrum (see
Figure 5.6c). We were able to locate a true transition state for intra-base pair HT4 lying in energy
1.3 eV above 9MG+·1MC_W.
Figure 5.8c represents a collision-induced chemical reaction of 9MG+·1MC_W.

Upon

collisional activation, the water attacks the 1-methyl of 1MC via TS1_W and form 9MG+·1HC +
MeOH, i.e. reaction 10(a). A similar reaction may happen between the water ligand and the 9methyl of 9MG+ via TS2_W of reaction 10(b) as depicted in Figure 5.8b. Note that both TS1_W
and TS2_W were calculated to around 3.5 eV or higher with respect to the staring 9MG+·1MC_W.
On the other hand, the cross section of 9MG+·1HC and/or 9HG+·1MC appears to have a very
low appearance energy that is close to that of [9MG·1MC]+. We have thus assumed that the
formation of 9MG+·1HC and/or 9HG+·1MC may actually be attributed to a secondary reaction
of collisional activated [9MG·1MC]+ and the water ligand that is still wandering around the base
pair. Figure 5.8c and d have depicted reactions 10 and 11 for 9MG+·1MC_W, and intra-base pair
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proton transfer afterwards. It is expected that in similar reactions would occur to [9MG 
H]·[1MC + H]+_W as well, followed by intra-base pair proton transfer. In theory, [9MG·1HC] +
and [9HG·1MC] + may further dissociate into 9MG+, 9HG+, [1MC + H]+ and [1HC + H]+, but
the product yields would be insignificant judged from the product cross sections of the
[9MG·1HC]+ / [9HG·1MC] + fragments.
5.4

Conclusion
This work was conducted by combining guided-ion beam tandem mass spectrometry

experiments and electronic structure calculations at the B97XD, B3LYP, RI-MP2, and DLPNOCCSD(T) levels of theory paired with different basis sets. The CID of [9MG·1MC]+ base pair
radical cations with Xe and Ar gas molecules present remarkably non-statistical product
distributions, implying that the base pair radical cations favor intra-base pair proton transfer upon
collisional activation and forms a larger fraction of proton-transferred base pair structure [9MG –
H] ·[1MC + H]+ than the conventional 9MG+·1MC before dissociation. Another interesting
finding concerns the CID induced chemical reactions of monohydrated [9MG·1MC_W]+ base
pair radical cations, where the reactions of the water ligand with the methyl group of nucleobases
lead to the elimination of a methanol molecule.
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Chapter 6
Collision-Induced Dissociation Study of Protonated 9Methylguanine1-Methylcytosine Base Pair and Comparison with
Its Deprotonated and Radical Cation Analogous

6.1

Introduction
In this work, we have extended the investigation to protonated [9MG·1MC + H]+ base pair

ions and its monohydrate, aimed at determining whether non-statistical dissociation is a general
feature of guaninecytosine base pairs regardless of their ionization states. 9MG and 1MC were
chosen as prototype substrates of deoxyguanosine (dG) and deoxycytidine (dC) as their methyl
groups mimic the attachment of a sugar group to dG and dC nucleotides. Guided-ion beam tandem
mass spectrometry was used to conduct CID of dry and monohydrated [9MG·1MC + H]+. Ar and
Xe were chosen as the collision gases for the CID experiment. Measurements included CID
product ion distributions and cross sections at different collision energies (Ecol). Ab initio and
density functional theories were then used to help interpret experimental date and provide insight
into intra-base pair proton transfer mechanism, dissociation kinetics and other chemical reactions.
6.2

Experimental and Theoretical Methods

6.2.1 CID Measurements
[9MG1MC + H]+ base pair ions were generated by ESI of a mixture of 0.5 mM 9MG
(Chemodex, > 98%), 0.5 mM 1MC (Enamine, 95%) and 0.5 mM HCl in HPLC grade
methanol/water (v : v = 3:1). The solution was sprayed into the ambient atmosphere through an
electrospray needle at the flow rate of 0.06 mL/h. The electrospray needle was held at 2.35 kV
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relative to the ground for producing positively charged species.

Positively charged droplets

entered the source chamber of the mass spectrometer through a pressure-reducing desolvation
capillary. The capillary was biased at 92 V, and the distance between the emission tip of the ESI
needle and the sampling orifice of the capillary was 7 mm. Liquid aerosols underwent desolvation
as they passed through the heated capillary, converting to gas-phase ions. Ions were focused
towards the capillary axis by gas flow and transported into the source chamber that was evacuated
to a pressure of 1.7 Torr. A skimmer with an orifice of 1.5 mm is located 3 mm away from the
capillary end, separating the source chamber and the hexapole ion guide. The skimmer was biased
at 16 V relative to the ground. The electrical field between the capillary and the skimmer removed
residual solvent molecules by collision-induced desolvation. Under mild heating and collision
conditions, not all of the solvent was evaporated, resulting in hydrated base pair ions. In the
experiment, the capillary was heated to 137 C to optimize the intensities of dry [9MG1MC + H]+
and 130 C to produce monohydrated [9MG1MC + H_W]+ (W = H2O).
Ions that emerging from the skimmer were transported into the hexapole at the pressure of 24
m. Interaction of ions with the background gas in the hexapole led to collisional focusing and
thermalization of ions to ~ 310 K. Ions subsequently passed into a mass-selecting quadrupole for
selection of base pair ions. The mass-selected base pair ions were collected and collimated by a
set of electrostatic lenses. The combination of collisional damping within the hexapole and the
controlled collection radius at the quadrupole exit produced a mass-selected ion beam with a
narrow kinetic energy spread. Mass-selected base pair ions were then injected into the octopole
ion guide which trapped ions in the radial direction. The octopole was surrounded by a 10-cm
scattering cell which was filled with Xe (Spectral Gases, 99.995%) or Ar gas (T.W. Smith, >
99.5%). The cell pressure was controlled in the range of 0.01  0.02 mTorr using a leak valve and
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monitored using a MKS Baratron capacitance manometer. Under these conditions, base pair ions
underwent at most a single collision with the inert gas.
Ion beam intensities were 5 × 105 for [9MG1MC + H]+ and 1.3 × 104 for [9MG1MC + H_W]+.
Initial kinetic energy of the ion beam was set to 0.8 eV and the energy spread was 0.7 eV. CID
product cross sections were calculated from the ratios of reactant and product ion intensities, the
collision gas pressure in the scattering cell and the effective length of the scattering cell. The entire
experiment was repeated several times and the relative error of CID cross sections was estimated
to be ~ 10% on the basis of the reproducibility of the measurements.
6.2.2

Electronic Structure Calculations

Conformers of [9MG1MC + H]+ and [9MG1MC + H_W]+

Protonated guaninecytosine

base pair structures and their intra-base pair proton transfer have been examined theoretically by
several groups.1-4

For example, Schaefer and his co-workers have reported an exhaustive

calculations of various protonation sites of GC at the B3LYP/DZP++ level of theory.1 Guided by
the previous theoretcial results, we have optimized the conformers and rotamers of [9MG1MC +
H]+ at the B97XD/6-311++G(d,p) level of theory using Gaussian 09.5 The B97XD6 method
was chosen because it mitigates self-interaction errors and improves the orbital descriptions of
ionized states.7 The basis set superposition error (BSSE) was examined in our calculations. A
maximum BSSE of 0.05 eV was found at the B97XD/6-311++G(d,p) level which has no
influence on the order of stability of various [9MG1MC + H]+ conformers.
A total of 25 tautomers/rotamers were identified for gas-phase [9MG1MC + H]+ in the
moderately low energy range. There structures were generating by intra-base pair proton transfer,
keto-enol isomerization and different intra-base pair H-binding motifs. We have attempted to
identify double intra-base pair proton transfer (DPT), but no stable DPT structures could be found
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Figure 6.1 Stable conformers of [9MG1MC + H]+ base pair radical cation. Dashed lines indicate H-bonds. Relative enthalpies
(eV, with respect to global minimum) and thermal populations (in parentheses) were calculated at the B97XD/6-311++G(d,p)
level of theory, including thermal corrections at 298 K.

which is consistent with a previous finding.3 The structures of [9MG1MC + H] + and their relative
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enthalpies relative to the global minimum are summarized in Figure 6.1. The global minimum
conformer [9MG·1MC + H]+_1 has the conventional Watson-Crick base-pairing and represents
an overwhelming majority of the protonated base pair (population > 99.8%).

Therefore,

[9MG·1MC + H]+_1 should be considered as the only starting structure of protonated gas-phase
base pair ions. Since the central proton is bound to the N1 of 9MG, [9MG·1MC + H]+_1 may be
better described as [9MG + HN7]+·1MC where the 9MG moiety is protonated at its N7 position.
The second lowest-energy conformer [9MG·1MC + H]+_2, lying in energy 0.17 eV higher than
[9MG·1MC + H]+_1, has the central H transferred from the N1 of 9MG to the N3 of 1MC (and
thus is the equivalent of a proton-transferred isomer of [9MG·1MC + H]+_1, as indicated in the
figure). The third lowest-energy conformer [9MG·1MC + H]+_3, which was calculated to be 0.19
eV higher in energy than [9MG·1MC + H]+_1 and bears only two H-bonds within the base pair,
was claimed to be the most stable proton-transferred base pair structure in a previous report.2
Neither of [9MG·1MC + H]+_2 or [9MG·1MC + H]+_3 has a noticeable population in the gasphase reactant ion beam. However, it is more likely to generate [9MG·1MC + H]+_2 in the
collisional activation of [9MG + H]+·1MC. To emphasize the protonation site of [9MG·1MC +
H]+_2, this conformer is referred to as 9MG·[1MC + H]+ in the remainder of the text.
The initial geometries of the monohydrated [9MG1MC + H_W]+ base pair were obtained by
adding a water molecule to the lowest-energy structure [9MG + H]+·1MC and then optimizing the
structures at the B97XD/6-311++G(d,p) level of theory. Various H-binding sites and different
orientations of the water ligand were taken into consideration in the calculations. All of the
converged structures are reported in Figure 6.2.

The dominating monohydrate structure

[9MG·1MC + H_W]+_1 has a water ligand bound to the O6 and N7 atoms of [9MG + H]+, and is
referred to as [9MG + H]+·1MC_W in the following discussion.
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Figure 6.2 Stable conformers of monohydrated [9MG1MC + H_W]+ base pair radical cation. Dashed lines indicate H-bonds.
Relative enthalpies (eV, with respect to global minimum), hydration energy (eV) and thermal populations (in parentheses) were
calculated at the B97XD/6-311++G(d,p) level of theory, including thermal corrections at 298 K.

Reaction PESs

On the basis of population analysis, the starting dry and monohydrated

reactant structures in the gas-phase experiments may be exclusively represented by the lowestenergy [9MG + H]+1MC and [9MG + H]+·1MC_W, respectively. Therefore these two structures
were used as the starting points in corresponding PES calculations. Structure of all reactants,
dissociation products, and the transition states (TSs) were optimized at B97XD/6-311++G(d,p).
All TSs were verified as first-order saddle points, and the vibrational mode associated with an
imaginary frequency corresponds to the anticipated reaction pathway. Intrinsic reaction coordinate
(IRC) calculations were carried out to substantiate reactant/product minima connected through the
TSs.
Electronic energies of the B97XD/6-311++G(d,p)-optimized structures were recalculated
using a larger basis set aug-cc-pVQZ and using another DFT theory B3LYP/aug-cc-pVQZ. To
prevent any skepticism that could be raised from the DFT calculations, the resolution of identity
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Møller-Plesset procedure RI-MP2/aug-cc-pVTZ was exploited to provide accurate description of
H-bonds.8,9 Finally, the domain based local pair-natural orbital coupled-cluster method with
single-, double- and perturbative triple excitations DLPNO-CCSD(T)/aug-cc-pVTZ was used to
further assess and improve the accuracy of base-pair interaction energies.10 All single point RIMP2 and DLPNO-CCSD(T) calculations were accomplished using ORCA 4.0.1.11 Total energy
reported at each level is the summation of the electronic energy calculated at the specified level,
and the 298 K thermal correction calculated at B97XD/6-311++G(d,p) of which the B97XD
zero-point energies (ZPEs) were scaled by factor of 0.975.12
6.3

Results and Discussion

6.3.1

CID Product Ions, Thresholds and Cross Sections

[9MG + H]+1MC

CID product ion mass spectrum for the collision of [9MG + H]+·1MC with

Xe at Ecol = 3.0 eV is shown in Figure 6.3a. Product ions of protonated [9MG + H]+ (m/z = 166)
has verified the existence of the conventional [9MG + H]+·1MC structure in the gas-phase
reactants. As discussed, the starting base pair reactants comprise only the [9MG + H]+·1MC
structure. The fact that product ions of protonated [1MC + H]+ was detected m/z = 126, implying
the formation of a high-energy isomer 9MG[1MC + H]+ in the collisional activation of [9MG +
H]+·1MC followed by its dissociation to 9MG and [1MC + H]+. The two product channels are
summarized below, with reaction heat of formation calculated at the B97XD/6-311++G(d,p)
level of theory.
[9MG + H]+·1MC + Xe
 [9MG + H]+ (m/z 166) + 1MC

∆H = 1.70 eV

(1)

 9MG·[1MC + H]+  9MG + [1MC + H]+ (m/z 126)

∆H = 2.55 eV

(2)

The CID mass spectrum shows that the ion intensity of [1MC + H]+ is much higher than that
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of [9MG + H]+. To look into the correlation between the two product channles, the branching ratio
of [1MC + H]+/[9MG + H]+ was calculated as a function of the center-of-mass Ecol and plotted in
Figure 6.3b. The ratio is around 1.4 at low Ecol and raises up to 3.4 at high Ecol, indicating that
more [1MC + H]+ was formed with increasing of Ecol. In other words, the intra-base pair proton
transfer leading from [9MG + H]+·1MC to 9MG[1MC + H]+ is becoming more favorable with
increasing Ecol.
CID product ion cross sections for [9MG + H]+ and [1MC + H]+ were measured over a Ecol
range from 0.05  6.2 eV. Results are plotted in Figure 6.3c and d, respectively. Error bars were
calculated based on the three sets of experimental data. Due to the energy spread in Ecol, the
experimental cross sections increase from zero before the true dissociation thresholds. A modified
line-of-center (LOC) model was used to identify true dissociation threshold E0, by fitting the Ecol
dependence of cross sections using a true (E) function generated from the LOC model and
including the contributions from reactant vibrational (Evib) and rotational (Erot) energies,13-15
(3)
for (Ecol + Evib + Erot) > E0; otherwise, (E) = 0. Here 0 is an energy-independent normalization
constant, and n is a fitting parameter used to adjust the slope of (Ecol). The key assumption is
that at near-threshold collision energies, at least some of the collisions are completely inelastic and
all Ecol is converted to internal energy to drive CID. Details for the fitting were discussed in our
recent paper.16,17 The convoluted (E) for [9MG + H]+ and [1MC + H]+ are shown as black plots
in Figure 6.3c and d. The values of the best fit E0 are indicated in the figures. E0 for [9MG +
H]+·1MC → [9MG + H]+ + 1MC was determined to be 1.8 eV with a fitting parameter n equal to
2. The fit for [9MG + H]+ appears to be reasonably good at Ecol less than 3.0 eV. But the
experimental cross section starts to decrease at high energies. We tend to attribute this decrease
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partly as an indication of inter-channel completion between the two of [9MG + H]+ and [1MC +
H]+ dissociation pathways, and partly to the difficulty in collecting sideway-scattered product ions
at high energies even using an ion guide.15

Figure 6.3 CID results of [9MG1MC + H]+ + Xe. (a) CID mass spectrum measure at Ecol = 3.0 eV, (b) product ion branching
ratios as a function of Ecol, and product cross sections for (c) [9MG + H]+ and (d) [1MC + H]+ where points are experimental data
and black curves are fits as discussed in the text.

The cross sections for [9MG + H]+·1MC → 9MG + [1MG + H]+ may be attributed to two
different components, with one dominating at the relatively low energy range and the other starting
to emerge with increasing Ecol. We therefore fit the cross section of [1MC + H]+ using two sets of
true (E) function with different thresholds. E0 and n of each set were adjusted freely to obtain
the best fit to the total cross section. As shown by the green and blue-color curves in Figure 6.3d,
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one dissociation pathway has E0 = 1.9 eV and n = 1.7, and the other has E0 = 1.7 eV and n = 2.0.
The sum of the fits is present by a black plot in the figure. The LOC mode was able to fit the total
cross section of [1MC + H]+ perfect under a condition that the contribution of the low-energy
dissociation pathway decreases when Ecol increases, rendering the high energy pathway being the
dominant one at Ecol > 4.0 eV.

Figure 6.4 CID results of [9MG1MC + H]+ + Ar. (a) Product ion branching ratios as a function of Ecol, and product cross
sections for (b) [9MG + H]+ and (c) [1MC + H]+ where points are experimental data and black curves are fits as discussed in the
text.

Figure 6.4 summarizes the CID results for for the collision of [9MG + H]+·1MC with Ar. The
Ar results are quite similar to the Xe ones in that the CID products are dominated by [1MC + H]+
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and the product branching ratio of [1MC + H]+/[9MG + H]+ increases quickly with Ecol. The major
difference between the two sets of CID results is that the appearance energy for the product ions
in Ar CID, determined by the same LOC mode, are 0.6 eV higher than the E0 values determined
in Xe CID. This indicates that Ar is much less efficient in translational-to-internal energy transfer
(T  Einternal) in collisional activation.

Similar phenome was reported in collisions of

[9MG1MC]+ radical cations with Xe vs. Ar.17

Figure 6.5 CID mass spectrum of [9MG1MC + H_W]+ + Xe measure at Ecol = 3.5 eV.

[9MG + H]+1MC_W

A representative CID product mass spectrum for monohydrated

[9MG + H]+1MC_W + Xe, measured at Ecol = 3.5 eV, is shown in Figure 6.5a. With a single
water ligand bound to the base pair, many new product channels were detected. The assignment
of all the product ions, their possible reaction pathways and B97XD/6-311++G(d,p)-calculated
reaction heat of formation are listed below, except for m/z 144 ([2HC + H]+_MeOH), 158 ([1MC
+ H]+_MeOH), 184 ([3HG + H]+_MeOH], and 190 ([1MC + H]+_2MeOH) that could be attributed
to secondary reactions of [3HG·1MC + H]+ and [9MG·2HC + H]+ as discussed below and thus
lumped into the corresponding primary products.
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[9MG + H]+·1MC_W + Xe
 [9MG + H]+·1MC (m/z 291) + H2O

∆H = 0.69 eV

(4a)

 9MG[1MC + H]+ (m/z 291) + H2O

∆H = 0.86 eV

(4b)

 [9MG + HN7]+ (m/z 166) + 1MC + H2O

∆H = 2.39 eV

(5a)

 [9MG + HO6]+ (m/z 166) + 1MC + H2O

∆H = 2.73 eV

(5b)

 [1MC + HN3]+ (m/z 126) + [9MG + HN7 – HN1] + H2O

∆H = 3.24 eV

(6a)

 [1MC + HN3]+ (m/z 126) + [9MG + HO6 – HN1] + H2O

∆H = 2.52 eV

(6b)

 [9MG·2HC + H]+ (m/z 277) + MeOH

∆H = 3.85 eV

(7a)

 [3HG·1MC + H]+ (m/z 277) + MeOH

∆H = 3.48 eV

(7b)

 [3HG·1MC + H]+ + MeOH  [3HG + HN7]+ (m/z 152) + 1MC + MeOH
∆H = 3.25 eV

(8a)

 [3HG·1MC + H]+ + MeOH  [1MC + HN3]+ (m/z 126) + 3HG + MeOH
∆H = 3.18 eV

(8b)

 [9MG·2HC + H]+ + MeOH  [2HC + HN3]+ (m/z 112) + 9MG + MeOH
∆H = 4.23 eV

(9a)

 [9MG·2HC + H]+ + MeOH  [9MG + HN7]+ (m/z 166) + 2HC + MeOH
∆H = 2.87 eV

(9b)

The cross sections for individual product ions were measured as a function of Ecol and plotted
in Figure 6.6. As expected from reaction energetic, the water elimination represent a major product
channel at low Ecol range; while the production of [9MG + H]+ and [1MC + H]+ increase and
dominate at high Ecol. The near-threshold cross sections for [9MG + H]+ and [1MC + H]+ were
each fit by the aforementioned LOC model, and the value of their dissociation thresholds are
indicated in the figure.
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Of the observed product ions, [9MG + H]+, [3HG + H]+ and their methanol complex may be
produced directly from [9MG + H]+·1MC_W and thus can be grouped as the CID products of a
conventional base pair structure; while the formation of [1MC + H]+, [2HC + H]+ and their
methanol complex must be mediated by 9MG·[1MC + H]+ _W and therefore can be characterized
as the CID products of a proton-transferred structure. The product branching of proton-transferred
CID to non-proton-transferred CID was presented in Figure 6.5b. The Ecol-dependence of product
branching ratios for [9MG + H]+·1MC and [9MG + H]+·1MC_W are very alike, both increasing
with Ecol. This suggests that intra-base pair proton transfer is prevailing during the collisional
activation of base pair ions.

Figure 6.6 Individual CID product ion cross sections in the collisions of [9MG1MC + H_W]+ with Xe.
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Finally, we have measured the CID of [9MG + H]+·1MC_W with Ar. Only four major
products ions were observed in Ar CID, including [9MG + H]+·1MC, [9MG + H]+, [1MC + H]+
and [9MG·2HC + H]+/ [9HG·2MC + H]+. The maximum cross section for each product is only
two-thirds of that in Xe CID, and the product appearance energy is higher than that in Xe CID.
6.3.2

PESs for Intra-Base Pair Proton Transfer, Dissociation and Chemical reaction

Figure 6.7 Schematic reaction coordinates for intra-base-pair proton transfer/hydrogen transfer and dissociation of [9MG1MC +
H]+. Energies were calculated at various levels of theory as indicated, including thermal corrections at 298 K.

[9MG + H]+·1MC

Figure 6.7 summarizes the reactions originated from the reactant [9MG +

HN7]+·1MC (where the subscript indicates the protonation site) that is located at the zero energy.
Reaction energetics were calculated at different levels of theory paired with different basis sets.
The B97XD/6-311++G(d,p) values were used in the discussed since they best matched the
experimental fits. The most energetically favorable intra-base pair proton transfer corresponds to
the formation of [9MG + HN7 – HN1]+·[1MC + HN3]+ via TS_PT1a. Each of [9MG + HN7]+·1MC
and [9MG + HN7 – HN1]+·[1MC + HN3]+ may eliminate the neutral base unit, leading to the
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formation of [9MG + HN7]+ and [1MC + HN3]+ fragment ions as shown in Figure 6.7a. Note that
[9MG + HN7 – HN1]+·[1MC + HN3]+ lies in energy 0.17 eV higher than [9MG + HN7]+·1MC, and
its dissociation threshold is 0.68 eV than [9MG + HN7]+·1MC.
Figure 6.7 addresses another intra-base pair proton transfer pathway for [9MG + HN7]+·1MC.
That is to first form [9MG + HO6]+·1MC where the protonated 9MG moiety takes a keto-enol
isomerization at O6 via TS_enol. [9MG + HO6]+1MC may then undergo intra-base pair proton
transfer from the N1 of 9MG to N3 of 1MC via TS_PT1_enol, producing [9MG + HO6 –
HN1][1MC + HN3]+. While the dissociation threshold of [9MG + HO6]+1MC is 0.34 eV higher
than that of [9MG + HN7]+1MC; [9MG + HO6 – HN1][1MC + HN3]+ brings about a lowdissociation energy pathway for the production of [1MC + H]+, as its dissociation energy is 0.72
eV less than [9MG + HN7 – HN1]+·[1MC + HN3]+. It was reported that dissociation barrier would
decrease or even vanish after the N7-proton transfers to O6 in the water solvent.3 The fits of [1MC
+ H]+ cross sections in Figure 6.3d and 6.4c have confirmed the participation of both [9MG + HN7
– HN1]+·[1MC + HN3]+ and [9MG + HO6 – HN1][1MC + HN3]+ in CID.

While [9MG + HN7 –

HN1]+·[1MC + HN3]+ has a lower dissociation energy than [9MG + HO6 – HN1][1MC + HN3]+ and
thus dominates in the low energy collisions, the two consecutive two barriers leading from [9MG
+ HN7]+·1MC makes this dissociation channel kinetically unfavorable at high collision energies.
A statistical interpretation of the [9MG + HN7]+·1MC reaction PES would suggest [9MG +
HN7]+ as the major CID product ions. But this is contrast with the experimental data (see Figures
3 and 4) which shows [1MC + HN3]+ as the dominant one at all energies. Such anomalous
dissociation of protonated GC base pair was also reported by Seong et al.,18 albeit with a much
smaller difference between the product yields of [C + H]+ and [G + H]+ in their measurement (the
product branching ratio is at most 1.2). Note that their CID was carried out in an ion-trap mass
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Figure 6.8 Schematic reaction coordinates for intra-base-pair proton transfer and dissociation of [9MG1MC + H_W]+. Energies
were calculated at various levels of theory (see the description in Figure 6.7), including thermal corrections at 298 K.

spectrometer under multi-collision conditions and different conformers were more likely to be
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mixed and start thermalization in collisions.
[9MG + HN7]+·1MC_W

All possible proton-transfer, dissociation and reactions of [9MG +

HN7]+·1MC_W are shown in Figure 6.8. The bold-labelled species indicate the products that were
detected in the experiment. Figure 6.8a and b show a similar set of reactions pathways as Figure
6.7a and b, except the water elimination of the monohydrated base pairs.

It is interesting to

mention that hydration of base pair even with a single water is able to strengthen the base pair
interaction dramatically. The dissociation thresholds of [9MG + HN7]+·1MC, [9MG + HO6]+·1MC,
[9MG + HN7 – HN1]+·[1MC + HN3]+ and [9MG + HO6 – HN1][1MC + HN3]+ increase from 1.70 ,
2.04, 2.55 and 1.83 eV for dry base pairs to 2.39, 2.73, 3.24 and 2.52 eV for monohydrates,
respectively. In addition, the water acts as a catalyst in the keto-enol isomerization of [9MG +
HN7]+·1MC and lowers the barrier of TS_enol from 1.68 eV to 0.31 eV.
Figure 6.8c and d present the PES for an interesting collision-induced chemical reaction
between the water molecule and the 9-methyl of 9MG and the 1-methyl of 1MC, respectively. In
Figure 6.8c, the water molecule reacts with the methyl group of 1MC by crossing the barrier of
TS1_W of 3.85 eV, forming [9MG + HN7]+2HC where the 2HC base adopts a enol structure. A
similar PES is shown in Figure 6.8d for the water reaction with the methyl group of 9MG via
TS2_W, forming [3HG + HN7]+1MC where the 3HG is the enol form of 9HG. We were not able
to distinguish the product ions of [9MG + HN7]+2HC and [3HG + HN7]+1MC in the CID mass
spectrum, and the sum of their cross sections is depicted in Figure 6.6d. The fact that the
appearance energy of their cross section seems much less than the calculated activation barriers of
TS1_W and TS 2_W and that at the low energy range of 0.2  2 eV the cross sections of
[9MG1MC + H]+ and [9MG + H]+2HC + [3HG + H]+1MC have presented similar Ecol
dependence has lead us to assume that the [9MG + H]+2HC and [3HG + H]+1MC detected at the
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low energy range were actually produced by the secondary reaction of nascent [9MG1MC + H]+
and water.
[9MG + HN7]+2HC and [3HG + HN7]+ 1MC may undergo intra-base pair proton transfer and
produce [9MG + HN7  HN1][2HC + HN3]+ and [3HG + HN7 – HN1][1MC + HN3]+, each of which
may further dissociate to [3HG + H]+ and [2HC + H]+ fragment ions (as well as their complexes
with methanol) at high Ecol. We have therefore lumped the cross sections of all these product ions
together in Figure 6.6d. Note that [9MG + HN7]+2HC and [3HG + HN7 – HN1][1MC + HN3]+ may
also generate [9MG + H]+ and [1MC + H]+ fragments, which we could not separate from the
products of reactions 5 and 6. But the cross sections for the secondary reactions of [9MG +
HN7]+2HC and [3HG + HN7 – HN1][1MC + HN3]+ are expected to be much less compared to
reactions 5 and 6 and thus would not affect the E0 fits for reactions 5 and 6.
In Figure 6.8 c and d, the water reactions with methyl groups of 9MG and 1MC are initiated at
the [9MG + HN7]+1MC_W conformer. It is possible that the same reactions may also occur for
the proton-transferred conformer [9MG + HN7 – HN1+[1MC + HN3]+_W. The resulting activation
energy barrier were calculated to be 3.89 eV for [9MG + HN7 – HN1+[1MC + HN3]+_W  [9MG
+ HN7 – HN1][2HC + HN3]+ + CH3OH and 3.70 eV for [9MG + HN7 – HN1+[1MC + HN3]+_W 
[3HG + HN7 – HN1][1MC + HN3]+ + CH3OH, which are close to their counterparts TS1_W (3.85
eV) and TS2_W (3.48 eV) shown in the figure.
6.4

Conclusion
This work has combined a guided-ion beam tandem mass spectrometric study of the CID of

protonated [9MG·1MC + H]+ base pair and its monohydrates [9MG·1MC + H_W]+ with
computational modeling of their reaction mechanisms using various DFT, RI-MP2, and DLPNOCCSD(T) theories. The experimental and theoretical results have provided interesting insight into
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the base-pair interactions, intra-base-pair proton-transfer, dissociation thermodynamics, nonstatistical base pair dissociation kinetics, the effects of microhydration and the reaction of the water
ligand with the methyl substitutes of the nucleobase moieties within the [9MG·1MC + H]+ base
pair.

116

References:
(1)
Wang, H.; Zhang, J. D.; Schaefer, H. F., III ChemPhysChem 2010, 11, 622.
(2)
Lin, Y.; Wang, H.; Gao, S.; Schaefer, H. F., III J. Phys. Chem. B 2011, 115, 11746.
(3)
Noguera, M.; Sodupe, M.; Bertrán, J. Theor. Chem. Acc. 2004, 112, 318.
(4)
Ford, G. P.; Wang, B. Int. J. Quantum Chem. 1992, 44, 587.
(5)
Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.;
Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian,
H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.;
Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; J. A.
Montgomery, J.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.;
Staroverov, V. N.; Keith, T.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.;
Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi,
R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.;
Cioslowski, J.; Fox, D. J.; Gaussian, Inc: Wallingford, CT, 2013.
(6)
Chai, J.-D.; Head-Gordon, M. Phys. Chem. Chem. Phys. 2008, 10, 6615.
(7)
Kumar, A.; Sevilla, M. D. J. Phys. Chem. B 2014, 118, 5453.
(8)
Weigend, F.; Haser, M.; Patzelt, H.; Ahlrichs, R. Chem. Phys. Lett. 1998, 294, 143.
(9)
Jurecka, P.; Nachtigall, P.; Hobza, P. Phys. Chem. Chem. Phys. 2001, 3, 4578.
(10)
Liakos, D. G.; Sparta, M.; Kesharwani, M. K.; Martin, J. M. L.; Neese, F. J. Chem. Theory
Comput. 2015, 11, 1525.
(11)
Neese, F. WIREs Comput Mol Sci 2018, 8, e1327.
(12)
Alecu, I. M.; Zheng, J.; Zhao, Y.; Truhlar, D. G. J. Chem. Theory Comput. 2010, 6, 2872.
(13)
Levine, R. D.; Bernstein, R. B. Molecular Reaction Dynamics and Chemical Reactivity; Oxford
University Press: New York, 1987.
(14)
Armentrout, P. B. Int. J. Mass Spectrom. 2000, 200, 219.
(15)
Liu, J.; van Devener, B.; Anderson, S. L. J. Chem. Phys. 2002, 116, 5530.
(16)
Lu, W.; Liu, J. Phys. Chem. Chem. Phys. 2016, 18, 32222.
(17)
Sun, Y.; Moe, M. M.; Liu, J. 2019, to be submitted.
(18)
Seong, Y.; Han, S. Y.; Jo, S.-C.; Oh, H. B. Mass Spectrom. Lett. 2011, 2, 73.

117

Chapter 7
Study of Reactions of Singlet O2 with Radical Cations of Guanine, 9Methylguanine, 2’-Deoxyguanosine and Guanosine

7.1

Introduction
Post-ionization damage of the DNA guanine nucleobases by the 1O2 has been studied in this

thesis aiming at revealing the reaction mechanism of the guanine radical cations with 1O2 using
gas-phase experimental measurements and computational modeling.

Guanine (9HG), 9-

methylguanine (9MG), 2’-deoxyguanosine (dGuo) and guanosine (Guo) with monohydrates of
9HG and 9MG were chosen to conduct reactions with 1O2. All stable radical cations of 9HG, 9MG,
dGuo and Guo were successfully generated in the gas phase which was described in our previous
work by using collision-induced dissociation (CID) of Cu(II) complexes.1

Tandem mass

spectrometry combined with ion-beam scattering were used to conduct and measure reaction cross
sections, product branching ratios and the dependence on collision energies (Ecol). 9MG were
chosen as the model compound for computational calculations because of its similar properties
with dGuo and Guo reacting with water mentioned in our previously paper.1 Reaction potential
energy surface (PES) were calculated and corroborated with experimental results which can give
a better understanding of reaction between guanine radical cations with singlet oxygen. Note that
G+ in the solution phase or that contained in ss-DNA is easily deprotonated.2 On the other hand,
G+ in ds-DNA is stabilized by pairing with cytosine. In this sense, the gas phase is a more ideal
environment to mimic the G+ chemistry in ds-DNA as the deprotonation reaction is shut down in
the gas phase. Moreover, gas-phase reactions are not perturbed by solvent and counter-ions so
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that the intrinsic reactivity of G+ towards 1O2 can be monitored. Finally, gas-phase results are
suitable for high-level theoretical modeling.
7.2

Experimental and Theoretical Methods

7.2.1

Chemicals and solutions

The reactions of G+ + 1O2 were carried out on a home-made electrospray ionization (ESI)
guided-ion-beam tandem mass spectrometer. More details can be found in our previous work.3
A methanol/water (v:v ration 3:1) solution of 0.25 mM Cu(NO3)2 (Alfa Aesar, 499.999%) and
0.5 mM G (9HG (Aldrich, 98%), 9MG (Aldrich, > 98.0%), dGuo (Sigma, 99-100%) or Guo (Acros,
99%)) was prepared and sprayed into the air through an ESI needle to generate dry guanine radical
cations. More details to generate radical cations was discussed and can be found in chapter 2.
The intensities of the reactant ion beam were 3 × 105, 8 × 105, 3 × 105 and 3.2 × 105 for 9HG+,
9MG+, dGuo+ and Guo+, respectively. Monohydrated 9HG+_W and 9MG+_W were generated
in a similar procedure, except that the sample solution was prepared in methanol/water (v:v = 2:1).
The corresponding ion intensities were 2.4 × 104 and 4 × 104, respectively for 9HG+_W and
9MG+_W. The initial kinetic energy of the ion beam was set to 0.82 eV with an energy spread of
0.72 eV. The experiment was repeated several times and the relative error of the reaction cross
section was estimated to be < 20%.
7.2.2

Electronic structure calculations

9MG was chosen as the model compound for reaction PES calculations due to its similar
property to dGuo.1 Density functional theory (DFT) has been extensively used for calculating the
structures and reactions of nucleobase and nucleoside radical cations in the gas phase4-12 and in
solution.5,6,10,11,13 Geometries of radical cation 9MG and its reaction PES were optimized using
B97XD paired with the 6-31+G(d,p) level of theory by Gaussina 09.14 Conformations were
119

sorted by their relative energies. A challenge for the PES calculations is that the reaction structures
may present multiconfiguration wave functions and spin contamination due to the mixed openand closed-shell characters of 1O2. The problems not only exits for the 1O2 reactant but in its
reaction intermediate complexes and TSs. Yamaguchi’s approximate spin-projection method15,16
was adopted to correct spin contamination for the reaction between 1O2 with closed shell
protonated and deprotonated guanine in our previously work.17,18 But the spin-projection method
was validated only for spin contamination of broken symmetry singlet and triplet states. To obtain
better insights into our experimental findings of high-spin state reaction PESs, density functional
theory (DFT), Møller-Plesset second-order singly (MP2), coupled cluster singles, doubles and
triples (CCSD(T)), complete active space self-consistent field (CASSCF), n-electron valence state
second-order perturbation theory (NEVPT2) and complete active-space second-order perturbation
theory (CASPT2) were used and compared.

We first ran the conventional DFT method

calculations of the reaction systems to find out representative reaction pathways by using
B97XD/6-31+G(d,p). All TSs were verified as first-order saddle points, and the vibrational
mode associated with an imaginary frequency corresponds to the anticipated reaction pathway.
Intrinsic reaction coordinate (IRC) calculations were also carried out to substantiate
reactant/product minima connected through the TSs. Once the reaction pathways were identified,
the methods of RI-MP2/aug-cc-pVQZ, DLPNO-CCSD(T)/aug-cc-pVTZ, CASSCF(21,15)/631+G(d,p), RI-NEVPT2(21,15)/6-31+G(d,p) and CASPT2(21,15)/6-31G(d,p) were used for
single-point calculation of reaction stationary and transition state structures. The total energy at
different level of theory is the sum of the electronic energy calculated at the corresponding level,
and the 298 K thermal corrections calculated at B97XD/6-31+G(d,p), including B97XD zero
point energies (ZPEs) that were scaled by factor of 0.975.19
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For muti-referential calculations, we have first tried CASSCF method with active space
including 21 electrons in 15 orbitals (21e, 15o) for all precursor, TSs, intermediates and products.
The relative energies were calculated using the 6-31+G(d,p) basis set. It turned out that all
intermediates and TSs calculated at the CASSCF level have energies higher than what we would
expect that was inconsistent with the experimental finding that the reaction was exothermic. Such
higher CASSCF energies was also reported by Schlegel and coworkers20 for the study of reactions
between neutral guanine with 1O2. An alternative solution to solve this problem was to use the
second order perturbation CASPT2 and NEVPT2 methods.20 It was mentioned that by adding
dynamic electron correlation using NEVPT2, the CASSCF results became better agreement with
DFT and CCSD(T) results. In another work for the reaction between 1O2 and 1,3-cyclohexadiene
calculated at the levels of B3LYP/6-31G(d) and CASPT2,21 the spin contamination was improved
by using single-point CASPT2 calculation of open-shell geometries obtained at UB3LYP, and the
resulting CASPT2 energies were more consistent with experimental value. Inspired by these
papers, we first optimized all the geometries at the level of B97XD/6-31+G(d,p). Based on these
optimized geometries, CASPT2 calculations were conducted with the same active space as
CASSCF (21e, 15o). For reactants 9MG+ and 1O2, (9e, 7o) and (12e, 8o) were used, respectively.
In open-shell cases, a selected value for the level shift parameter of 0.25 a.u. was chosen for the
IPEA correction.22,23 CASPT2 calculations were performed by using MOLCAS-8.24 RI-MP2,
DLPNO-CCSD(T) and RI-NEVPT2 were performed by using ORCA 4.0.25
7.3

Results and discussion

7.3.1

Structures of radical cations and energies analysis

The tautomers/rotamers of 9HG+, 9MG+, dGuo+ and Guo+ as well as their monohydrates
have been computed in our previously work,1 including keto-enol isomerization and anti- and syn-
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conformations about the N-glycosidic bond of dGuo+ and Guo+. Figure 7.1 shows the lowestenergy structures of 9HG+, 9MG+, dGuo+, Guo+ and their corresponding monohydrates. All
structures were optimized at the B97XD/6-31+G(d,p) level of theory. The global minimum
structures were verified on the basis of single-point electronic energy calculations at the DLPNOCCSD(T)/aug-cc-pVTZ level of theory using the B97XD-optimized geometries with 298 K
thermal corrections. It can be seen that the most stable monohydrate structures for 9HG+, 9MG+,
dGuo+ and Guo+ are similar in that the water is bound to the NH1 and NH2a positions.

Figure 7.1 Lowest-lying structures of 9HG+, 9MG+, dGuo+, Guo+ and their corresponding monohydrates calculated at
B97XD/6-31+G(d,p).

7.3.2

Reaction products and cross sections

9HG+ and 9MG+

The reactions between 1O2 and dried 9HG+ and 9MG+ were examined first

over a center-of-mass Ecol range from 0.05 to 1 eV. No products were found except some collisioninduced elimination products. A similar scenario has also been reported in our previous work that
no products were detected for the 1O2 reactions with dry protonated and deprotonated G26 and
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9MG27 ions. The rationalization is that guanine oxidation reaction intermediates are extremely
unstable and decayed back to reactants before been detected by MS detector. Our strategy was to
hydrate the reactant radical cation by hydrogen-binding with a water molecule which could
stabilize the whole reaction system via release of reaction exothermicity through the elimination
of the water ligand and accompanying kinetic energy release and thus capture the transient
products. Through this reaction procedure, the reaction product for 1O2 with 9HG+_W and
9MG+_W were measured. The product ions were detected at m/z = 183 for 9HG+_W + 1O2 and
m/z = 197 for 9MG+_W + 1O2, corresponding an peroxide species of each reactant radical cation.
Figure 7.2a and b show the product cross sections as a function of center-of-mass Ecol for
9HG+_W + 1O2 and 9MG+_W + 1O2 respectively, where the insets show representative product
mass spectra measured at Ecol = 0.05 eV. Error bars were estimated on the basis of multiple sets
of measurements. Both product ion peaks were multiplied by 100 times in order to be seen more
clearly and can be explained by the release of water ligand after addition of O2. Reaction cross
sections (σreaction) decreased with increasing Ecol, which indicates that the reactions are exothermic
and there are no reaction barriers above the reactants. By comparing Figure 7.2a and b, it can be
seen that σreaction for 9MG+_W + 1O2 relatively higher than that for 9HG+_W + 1O2 at low Ecol,
but both decreased to zero at Ecol > 0.25 eV. This finding tells us that the reactivity is slightly
higher for 9MG+_W with 1O2 than 9HG+_W. This is probably due to the lower water H-binding
energy of 9MG+_W (0.68 eV) than 9HG+_W (0.70 eV)1 that 9MG+_W is easier to eliminate the
water molecule at the last stage of the reaction.
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Figure 7.2 a) Product cross section for the reaction of 1O2 with 9HG+_W and mass spectrum obtained at Ecol = 0.05 eV. b)
Product cross section for the reaction of 1O2 with 9MG+_W and mass spectrum obtained at Ecol = 0.05 eV. c) Product cross
section for the reaction of 1O2 with dGuo+ and mass spectrum obtained at Ecol = 0.13 eV. d) Product cross section for the
reaction of 1O2 with Guo+ and mass spectrum obtained at Ecol = 0.15 eV.

dGuo+ and Guo+

We then have measured the reactions between 1O2 with dry dGuo+ and

Guo+. In contrast to those of dry 9HG+ and 9MG+, O2 addition product peaks were captured for
both dGuo+ and Guo+ albeit that the product ion intensities were very small. This is probably
due to the larger molecular size of dGuo+ and Guo+ than 9HG+ and 9MG+, and consequently
more efficient intramolecular vibration redistribution (IVR) of nucleoside would help absorb the
reaction heat of formation without decompose to starting reactants. It is believed that still the
majority of the products had decayed back to the reactants. Figure 7.2c and d show the product
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ion mass spectra measured at Ecol = 0.13 eV for dGuo+ + 1O2 and 0.15 eV for Guo+ + 1O2 and
their cross sections over and Ecol range of 0.05-1.0 eV. The starting Ecol for dGuo+ and Guo+
measurement were 0.13 and 0.15 eV respectively, where the largest σreaction were achieved for the
reactions. The reason to choose such energies as the starting point is due to the design of our
instrument. Note that, at lower Ecol < 0.13 eV, a retarding DC potential was applied to the octapole
ion guide to slow down reactant ions which caused the back scattering of reactant & product ions
(products were affected more than reactants due to the large backward recoil velocities) and
consequently decrease of apparent cross sections. When Ecol increases, the retarding potential
decreased and switched to attractive potential at high Ecol. The range of Ecol were chosen as 0.13
to 0.5 eV for dGuo+ and 0.15 to 0.5 eV for Guo+. Again, it can be seen that both dGuo+ + 1O2
and Guo+ + 1O2 are exothermic reactions. We attempted to run reactions with dGuo+_W &
Guo+_W, but the reactant ion beam intensities were too low (< 104 ion/s) to allow for meaningful
measurements.
7.3.3

Reaction PES for the 1O2 addition to 9MG radical cation

7.3.3.1 PESs obtained at B97XD/6-31+G(d,p) are close to RI-MP2 and DLPNO-CCSD(T)
results
The reaction PESs for 9MG+ with 1O2 were explored first using B97XD/6-31+G(d,p) level
of theory and demonstrated in Figure 7.3. Four main reaction channels were identified from the
calculations: one concerted cycloaddition (red line) and three terminal addition pathways (black,
blue and green lines in Figure 7.3a and b). Single point energies at the levels of RI-MP2/aug-ccpVQZ, DLPNO-CCSD(T)/aug-cc-pVTZ were also calculated and listed in Table 7.1. Both of the
methods use single determinant reference wave function. It turned out that both calculations
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results from MP2 and DLPNO-CCSD(T) are relatively close to B97XD compared with mutireferential levels of theory calculation results which will be discussed in next section.

Figure 7.3 Reaction PES for 9MG+ + 1O2 calculated at B97XD/6-31+G(d,p) level of theory. a) 5,8-concerted addition
mechanism in red and C8-terminal addition mechanism in black with their corresponding structures drawn by ChemDraw. b)
C4-terminal addition mechanism in green and C5-terminal addition mechanism in blue. c) C4-terminal addition mechanism
shown in structures drawn by ChemDraw. d) C5-terminal addition mechanism shown in structures drawn by ChemDraw.
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5,8-Concerted addition In Figure 7.3a, the red line represents the concerted reaction
pathway leading to the formation of endoperoxide product 5,8-endoperoxide through one step
process via a transition state TS58. The TS58 structure is shown in red with arrows representing
the formation

Figure 7.4 5,8-concerted addition mechanism calculated at B97XD/6-31+G(d,p) level of theory. Energies at the RI-MP2/augcc-pVQZ, DLPNO-CCSD(T)/aug-cc-pVTZ, CASSCF(21,15)/6-31+G(d,p), RI-NEVPT2(21,15)/6-31+G(d,p) and
CASPT2(21,15)/6-31G(d,p) levels of theory were also calculated using B97XD/6-31+G(d,p) optimized geometry and zeropoint energy.

of chemical bonds. The structure of reaction product (5,8-endoperoxide) is also shown in red in
the figure. Based on the B97XD/6-31+G(d,p) calculation results, there is a reaction barrier for
this reaction channel with 0.20 eV higher than the reactant, which makes this reaction pathway
endothermic and less favorable. In order to confirm this conclusion, different levels of theory were
carried out and shown in Figure 7.4 with their corresponding energies listed in Table 7.1. In
Figure 7.4, it can be seen that the overall reaction is endothermic reaction with all transition state
energies higher than the reactant. The only exception is that the reaction barrier calculated at RIMP2/aug-cc-pVQZ level of theory is -0.26 eV lower than reactant. Different levels of theory has
different height of reaction barrier, this is probably due to the spin contamination coming from
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both guanine radical cation and 1O2. This is also the reason why different calculation methods
were tried and compared in order to help us to find out the more proper candidate.

Figure 7.5 a) C8-one-step, b) C8-two-step terminal addition mechanism calculated at B97XD/6-31+G(d,p) level of theory.
Energies at the RI-MP2/aug-cc-pVQZ, DLPNO-CCSD(T)/aug-cc-pVTZ, CASSCF(21,15)/6-31+G(d,p), RI-NEVPT2(21,15)/631+G(d,p) and CASPT2(21,15)/6-31G(d,p) levels of theory were also calculated using B97XD/6-31+G(d,p) optimized
geometry and zero-point energy

C8-terminal addition

The C8-terminal addition pathway is shown in Figure 7.3a in black

color. There are two possible pathways in this reaction channel lead to the same final product.
1

O2 may first attack at the C8-terminal forming a terminal peroxide anti-8OO by passing through

TS8a and then crosses another barrier TS8b and form an intermediate syn-8OO. The name of C8two-step is used to represent this reaction channel in the following paragraph. Another reaction
pathway is to directly form the intermediate product syn-8OO via TS8c with the same subsequent
reactions. It can be seen in Figure 7.3a that both reaction pathways leading to anti- and syn-8OO
have lower energies than the reactants, indicating that it is an exothermic reaction to form antiand syn-8OO with no reaction barrier. Anti- and syn-8OO will serve as an intermediate and will
later form final product 5,8-endoperoxide by passing through TS8d which has higher energy over
reactant and makes this step endothermic and impossible. All TSs, intermediates and product
structures are shown in black in Figure 7.3a with red arrows indicating chemical bond forming.
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The reaction PESs were also calculated by using both RI-MP2/aug-cc-pVQZ and DLPNOCCSD(T)/aug-cc-pVTZ methods. Figure 7.5a shows the combined reaction PES of C8-one-step

Table 7.1 Relative enthalpies (eV) calculated for the reactions between 9MG+ and 1O2 using various levels of theory.

9MG+ + 1O2
precursor
TS58
5,8-endo
TS8a
anti-8OO
TS8b
TS8c
syn-8OO
TS8d
TS4c
TS4a
anti-4OO
TS4b
syn-4OO
TS4d
syn-5OO
TS5a
TS5c
anti-5OO
TS5b
syn-5OO
TS5d
TS5e
4,5-dioxetane
5,8-endo

B97XD
6-31+G(d,p)

RI-MP2
aug-cc-pVQZ

DLPNO-CCSD(T)
aug-cc-pVTZ

CASSCF (21e, 15o)
6-31+G(d,p)

RI-NEVPT2
6-31+G(d,p)

CASPT2(21e, 15o)
6-31G(d,p)

0.0
-1.75
0.20
-0.57
-0.93
-1.33
-1.17
-1.20
-1.40
0.25
-0.49
-0.50
-0.48
-0.39
-0.49
0.07
-1.16
-1.02
-1.07
-1.16
-1.09
-1.16
0.16
-0.16
-0.18
-0.57

0.0
-1.38
-0.26
-0.72
0.20
-1.28
-1.13
-0.23
-1.36
0.24
-0.47
-0.45
-0.46
-0.40
-0.48
0.09
-1.11
-0.21
-0.28
-1.10
-1.04
-1.11
1.19
0.12
0.38
-0.72

0.0
-0.64
0.35
-0.48
-0.66
-1.15
-0.98
-1.03
-1.23
0.38
-0.30
-0.27
-0.29
-0.24
-0.35
0.29
-0.97
-0.84
-0.89
-0.96
-0.90
-0.97
0.71
0.14
0.08
-0.48

0.0
-0.80
1.54
0.56
0.87
-0.35
-0.17
0.74
-0.40
1.25
0.78
1.36
1.32
0.57
0.52
1.31
0.45
-0.05
0.88
0.08
0.15
0.45
1.42
1.71
1.17
0.56

0.0
-1.10
0.10
-1.08
-0.56
-1.38
-1.39
-0.93
-1.64
0.07
-0.58
-0.75
-0.68
-0.57
-0.68
-0.36
-1.42
-0.54
-1.33
-1.34
-1.33
-1.42
-0.20
-0.23
0.03
-1.08

0.0
-1.79
1.10
0.17
-0.44
-0.61
-0.37
-0.89
-0.75
0.83
0.07
0.05
0.15
0.15
0.16
0.67
-0.35
-0.68
-0.67
-0.49
-0.42
-0.35
0.85
0.46
0.52
0.17

and Figure 7.5b shows the PES of C8- two-step with their corresponding energies listed in Table
7.1. Both RI-MP2 and DLPNO-CCSD(T) have good agreement with B97XD except some
differences for the beginning steps (precursor, TS8a and TS8c) where the heavy spin
contamination occurs. With reaction goes on, the spin contamination effect becomes smaller and
the energies calculated by B97XD, RI-MP2 and DLPNO-CCSD(T) are getting closer. The
calculations find the intermediates anti-8OO and syn-8OO more stable than the reactant and
product and overall strongly exothermic. Formation energy of the intermediates (anti_8OO and
syn-8OO) and corresponding hydration energy were also calculated at the levels of B97XD/631+G(d,p), RI-MP2/aug-cc-pVQZ and DLPNO-CCSD(T)/aug-cc-pVTZ and listed in Table 7.2
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in black color. Since monohydrate 9MG+_W was used as the reactant to conduct the reaction
with 1O2, and the detected reaction product is O2 addition to 9MG+ by kicking off water molecule.
In this case, the value of the formation energy of product should be larger than the hydration energy.
Only in this case, water molecule can be kicked away and O2 addition product can be formed. In
Table 7.2, it can be seen that the energy released to form anti-8OO and syn-8OO are much larger
than their corresponding hydration energies which makes C8-stepwise addition mechanism
possible.
Table 7.2 Compare water dissociation energy Ediss (eV) with heat of formation ∆Hf (eV) for various peroxide intermediates.
B97XD
6-31+G(d,p)

Levels of
theory
anti-8OO
syn-8OO
anti-4OO
syn-4OO
anti-5OO
syn-5OO

RI-MP2
aug-cc-pVQZ

DLPNO-CCSD(T)
aug-cc-pVTZ

Ediss

∆Hf

Ediss

∆Hf

Ediss

∆Hf

0.79
0.79
0.73
0.72
0.79
0.79

-1.33
-1.40
-0.48
-0.49
-1.16
-1.16

0.71
0.70
0.64
0.64
0.71
0.70

-1.28
-1.36
-0.46
-0.48
-1.10
-1.11

0.69
0.69
0.63
0.63
0.70
0.70

-1.15
-1.23
-0.29
-0.35
-0.96
-0.97

C4-terminal addition

The C4-terminal addition pathway PES is shown in Figure 7.3b in

green color. The steps toward forming intermediate product syn-4OO at the beginning is similar
to C8- terminal addition mechanism.

1

O2 first attacks at the C4-terminal and forms a terminal

peroxide syn-4OO directly through TS4c which is called C4-one-step in the following paragraph.
Another channel is to form anti-4OO first and convert to syn-4OO later on. The name of C4-twostep is used for this mechanism. Once the intermediate product syn-4OO formed, the reaction can
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Figure 7.6 a) C4-one-step, b) C4-two-step terminal addition mechanism calculated at B97XD/6-31+G(d,p) level of theory.
Energies at the RI-MP2/aug-cc-pVQZ, DLPNO-CCSD(T)/aug-cc-pVTZ, CASSCF(21,15)/6-31+G(d,p), RI-NEVPT2(21,15)/631+G(d,p) and CASPT2(21,15)/6-31G(d,p) levels of theory were also calculated using B97XD/6-31+G(d,p) optimized
geometry and zero-point energy

keep going by passing through TS4d and transform to syn-5OO. Both C4-one-step and C4-twostep are exothermic and there are no reaction barriers above the reactant. This makes both anti4OO and syn-4OO energetically favorable. The barrier of transition state TS4d is higher than the
upper stream TS4a, TS4b and TS4c and makes it less favorable to overcome and form syn-5OO.
Calculations at different levels of theory and methods were also conducted to this reaction pathway.
Figure 7.6a shows the reaction PES of C4-one-step and Figure 7.6b shows the PES of C4- twostep with their energies listed in Table 7.1. Both levels of RI-MP2 and DLPNO-CCSD(T) give
the same conclusion calculated at B97XD shown in Figure 7.3b. The formation energies of anti4OO and syn-4OO were also compared with their hydration energies show in Table 7.2 in green
color. The hydration energies for both anti-4OO and syn-4OO are much larger than their formation
energies. Based on the calculation results, C4-stepwise addition mechanism is not feasible.
C5-terminal addition

The C5-terminal addition pathway PES is shown in Figure 7.3b in

blue color. The reaction mechanism structures are shown in Figure 7.3d in blue also. 1O2 first
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attack at the C5-terminal forming a terminal peroxide syn-5OO through two possible pathways.
Once syn-5OO is formed, it can follow two possible reaction mechanisms and form 4,5-dioxetane

Figure 7.7 a) C5-one-step, b) C5-two-step terminal addition mechanism calculated at B97XD/6-31+G(d,p) level of theory.
Energies at the RI-MP2/aug-cc-pVQZ, DLPNO-CCSD(T)/aug-cc-pVTZ, CASSCF(21,15)/6-31+G(d,p), RI-NEVPT2(21,15)/631+G(d,p) and CASPT2(21,15)/6-31G(d,p) levels of theory were also calculated using B97XD/6-31+G(d,p) optimized
geometry and zero-point energy

and 5,8-endoperoxide by passing through TS5e and TS5d respectively. From the PESs shown in
Figure 7.3b, it can be seen that the overall potential energies for the C5-terminal addition in blue
color is lower than the C4-stepwise addition in green color which tells us that the intermediates
anti-5OO and syn-5OO are more favorable to form compared to anti-4OO and syn-4OO as the
first step product from the thermodynamic point of view. Calculations at different levels of theory
and methods were also conducted to this reaction pathway. Figure 7.7a shows the reaction PES
of C5-one-step and Figure 7.7b shows the PES of C5- two-step with their energies listed in Table
7.1. Both levels of RI-MP2 and DLPNO-CCSD(T) give the similar results as calculated at
B97XD that anti-5OO and syn-5OO are the most possible products formed for this reaction
channel. By comparing formation energies of anti- and syn-5OO with anti- and syn-8OO, antiand syn-8OO is more stable and makes C8-terminal addition the most favorable reaction channel
among the four different channels. Neither 4,5-dioxetane and 5,8-endo can be formed due to high
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reaction barriers of TS5e and TS5d. Hydration energies for both anti-5OO and syn-5OO were also
calculated and listed in Table 7.2 in blue color. The formation energies are larger than their
hydration energies, which can be used to kick off the water molecule and form the intermediates.
But the formation energies forming anti-8OO and syn-8OO are larger than forming anti-5OO and
syn-5OO. This tells us that C8-terminal addition is the energetically favorable reaction pathway
compared to C5-terminal addition.
Another interesting finding is that in order to form 4,5-dioxetane, 1O2 should attack C5terminal forming syn-5OO first not C4-terminal. This is probably due to the reason that syn-5OO
is more stable than syn-4OO. According to the discussion before, syn-4OO cannot even form
because its formation energy is smaller than its hydration energy show in Table 7.2.
7.3.3.2 Qualitatively similar but energy-shift PESs at multi-referential levels of theory
Energies

at

the

CASSCF(21,15)/6-31+G(d,p),

DLPNO-NEVPT2/aug-cc-pVTZ

and

CASPT2(21,15)/6-31G(d,p) levels of theory were also calculated using the B97XD/631+G(d,p)-optimized geometries and ZPE-included thermal correction at 289 K. The single-point
energies at different levels of theory are listed in Table 7.1. In Figure 7.4, the calculation results
based on multi-reference methods for 5,8-concerted addition also shows that this reaction pathway
is endothermic and impossible.
For C8-terminal addition in Figure 7.5a and b. The addition barrier and the energies of the
intermediates and products are too high with CASSCF than other methods, similar findings is also
reported by Schlegel and coworkers.20 In this paper, it is also mentioned that second order
perturbation theory (CASPT2 and NEVPT2) can help to correct for dynamic correlation and
improve the calculation results compare to CASSCF. It is true that by using CASPT2 and
NEVPT2, the energies calculated are much lower than by using CASSCF. For C4-terminal
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addition in Figure 7.6a and b, it follows the same pattern that energies calculated at CASSCF
level is much higher than the energies calculated at CASPT2 and NEVPT2. In this reaction
channel, even the energy has been lowered by using CASPT2 method, but the reaction PES is still
above the reactant and makes this channel impossible. For C5-terminal addition in Figure 7.7a
and b, the energy calculated by using CASSCF is also the highest and the reaction PES has been
lowered by using CASPT2 method. The PES pattern calculated by both CASSCF and CASPT2
are exactly the same with energies keep going up all the way to TS5d in Figure 7.7a and TS5e in
Figure 7.7b. This strange pattern of PES tells us that in order to form intermediate products anti5OO and syn-5OO, this reaction channel prefer to stay at reactant side. Also, by comparing the
heat of formation of anti- and syn-5OO with anti- and syn-8OO, the C8-terminal addition
intermediate products are more stable and makes this reaction channel the most favorable. This
conclusion is the same from what we deduced by using B97XD, MP2 and DLPNO-CCSD(T)
methods.
7.3.4

Compare of 9MG radical oxidation vs protonated 9MGH+ oxidation

The oxidation of protonated 9MG ([9MG + HN7]+) has been studied by my colleague Wenchao
Lu.27 In his paper, it is reported that 1O2 oxidation of [9MG + HN7]+ begins by a concerted
cycloaddition forming 5,8-OO-[9MG + HN7]+ which is similar to the mechanism shown in Figure
7.3a in red color. Only one reaction mechanism was found between 1O2 and [9MG + HN7]+. But
there are two different possible reaction pathways (C8 and C4-stepwise) found between 1O2 and
9MG+, which implicates that 9MG+ is more reactive and could probably cause more mutation
than its protonated form. The most favorable reaction pathway between 1O2 and 9MG+ is C8stepwise addition. Anti-8OO and syn-8OO would be the first step intermediate products and can
further form 5,8-endo product. This conclusion makes it more necessary and important to study
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radical forms of guanine with its reaction with 1O2 and other possible molecule such as water,
which has already been studied by our group1, NO, NO2 and other reactive oxygen species (ROS).
7.4.

Conclusion
The reactions between 1O2 and the different types of guanine radical cations (9HG+_W0,1,

9MG+_W0,1, dGuo+ and Guo+) has successfully been conducted in the gas phase. 1O2-addition
products were successfully detected for all of 9HG+_W, 9MG+_W, dGuo+ and Guo+. 9MG+
was chosen as the model compound to conduct computational calculation analysis. It was found
that there are two feasible reaction pathways for 1O2 addition to 9MG+: C8-terminal addition
(black color) and C5- terminal addition (blue color). C8-addition pathway is more favorable than
C5-addition because it forms more stable intermediate products anti-8OO and syn-8OO, and which
were likely detected by our MS. By comparing the experimental results with our former conducted
experiment of protonated 9MG, it can be seen that 9MG+ is more reactive towards 1O2 and there
are more possibilities and reaction pathways than protonated 9MG. Since guanine is the most
easily oxidized of the four DNA bases and it is very easy to lose an electron and form guanine
radical cation. This makes the study of 9MG+ with 1O2 more important and closer to the real
situation in biological systems.
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